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Abstract
Purpose  This study aimed to decipher the intricate interplay between the immune landscape and CRC pathogenesis, 
elucidating how distinct immunophenotypes causally influence disease susceptibility and stratify patient outcomes.

Methods  We obtained the immunocyte phenotypes and CRC data from their respective genome-wide association 
studies. The primary analysis used the inverse variance weighting (IVW) method. We also simultaneously employed 
MR-Egger, weighted mode, simple mode, and weighted median approaches to strengthen the findings. Consensus 
clustering stratified 619 TCGA CRC patients by immunome expression. Functional assays examined the tumor 
suppressor GPD1L.

Results  The IVW MR analysis identified 17 immunocyte phenotypes positively potentially associated with increased 
CRC risk (P < 0.05, OR > 1), and 18 phenotypes negatively potentially associated with decreased CRC risk (P < 0.05, 
OR < 1). These associations were not confounded by heterogeneity or horizontal pleiotropy (P > 0.05). Reverse MR 
analysis further revealed 4 additional immunocyte phenotypes positively potentially associated with CRC (P < 0.05, 
OR > 1). Clustering resolved prognostic C1/C2 subtypes dependent on coordinated immunophenotypic programs. 
GPD1L knockdown promoted CRC cell proliferation.

Conclusions  Genetic interrogation delineated causal immunome-CRC relationships at single-cell resolution. 
Immune-stratified CRC subtyping stratified patient outcomes. GPD1L exhibited tumor-suppressive functions. Our 
findings establish an integrated immunogenomic framework elucidating CRC pathogenesis with implications for 
precision immunotherapies.
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Introduction
Colorectal cancer (CRC) poses a significant global health 
burden and immune evasion presents a key challenge 
in treatment [1, 2]. However, the precise interactions 
between diverse immune cell populations such as T cell 
subsets, B cells, and others within the tumor microen-
vironment and their roles in CRC development remain 
unclear, especially at the single-cell level [3, 4].

Colorectal cancer relentlessly claims lives, posing a for-
midable threat. Previous studies have shown that cyto-
toxic T cells and memory T cells can effectively eliminate 
cancer cells, while regulatory T cells and myeloid-derived 
suppressor cells suppress anti-tumor immunity [5]. 
While previous studies have provided valuable insights 
into the general immune responses in colorectal can-
cer (CRC), the precise functions of distinct immune cell 
subpopulations in influencing disease risk and prognosis 
warrant further investigation. The pathogenic mecha-
nisms underlying this prevalent malignancy remain 
enigmatic, with the immune system playing an obscure 
pivotal role. Recent studies have revealed the causal asso-
ciations between 731 immune cell phenotypes and the 
risk of esophageal cancer [6], prostate cancer [7], and 
kidney cancer [8], suggesting that certain characteristic 
immune cell populations are potentially associated with 
tumor occurrence and development. However, reports 
on the causal associations between 731 immune cell phe-
notypes and colorectal cancer, as well as the exploration 
of key gene targets of characteristic immune cell popula-
tions, are relatively rare. This study aimed to address how 
variations in the immunological milieu, characterized by 
diverse immune cell populations, causally contribute to 
colorectal cancer development and progression, and to 
explore the corresponding gene targets of characteris-
tic immune cell representative populations and conduct 
related experimental verification. Tackling these unre-
solved questions, this study harnesses cutting-edge ana-
lytical techniques and large-scale multi-omics data to 
decipher the immunogenomic landscape of colorectal 
cancer in unprecedented detail.

First comprehensively delineating causal immuno-
phenotype-colorectal cancer links through bidirectional 
Mendelian randomization, we identified 17 phenotypes 
increasing and 18 decreasing risk. From risk-enhancing 
populations, we prioritized top 5, annotating variants 
to unveil 48 putative regulatory genes. Novel immune-
based subtyping stratified patients into prognostically 
divergent subtypes.

Materials and methods
Study design
We conducted a two-sample mendelian randomization 
(MR) analysis to assess the causal effects of 731 immune 
cell signatures (across seven groups) on colorectal cancer 

(CRC) risk. MR leverages genetic variation as instrumen-
tal variables (IVs) for establishing causal inferences, pro-
vided that three key assumptions are met: (1) the genetic 
variants are robustly potentially associated with the 
exposure of interest; (2) they are not potentially associ-
ated with potential confounders of the exposure-outcome 
relationship; and (3) they influence the outcome only 
through the exposure and not via alternate pathways.

The underlying genome-wide association studies 
included in our two-sample MR analysis were approved 
by their respective Institutional Review Boards, and all 
participants provided written informed consent. For each 
of the 731 immune cell signatures, we identified statisti-
cally strong and independent genetic instruments from 
published genome-wide association studies. We then 
tested their associations with CRC using another inde-
pendent dataset to avoid sample overlap-induced bias.

Through judiciously applying the MR design and rig-
orously assessing the instrument strength and exclusiv-
ity assumptions, we sought to elucidate potential causal 
relationships between variations in immune cell com-
positions and CRC susceptibility. Our findings provide 
novel genetic evidence for how select immune compo-
nents may influence CRC etiology, with implications for 
immunotherapeutic and prevention strategies against 
this common malignancy.

Data sources
The genome-wide association study (GWAS) summary 
statistics for colorectal cancer (CRC) were obtained from 
the previous study by Sakaue et al. including 470,002 indi-
viduals of European descent [9]. Publicly available GWAS 
summary data for the 731 immunophenotypes were 
accessed from the GWAS Catalog (accession numbers 
GCST0001391 through GCST0002121), encompassing 
absolute cell counts (AC) (n = 118), median fluores-
cence intensities (MFI) reflective of surface antigen lev-
els (n = 389), morphological parameters (MP) (n = 32) 
and relative cell counts (RC) (n = 192). Specifically, the 
MFI, AC and RC datasets contained B cell, conventional 
dendritic cell (cDC), mature T cell subsets, monocyte, 
myeloid cell, TBNK (T cell, B cell, natural killer cell) and 
regulatory T cell (Treg) characteristics, while the MP cat-
egory covered cDC and TBNK parameters.

The original immune trait GWAS leveraged genotype 
information on ~ 22  million SNPs from high-density 
arrays in 3,757 European individuals without overlap 
between cohorts [10, 11]. Imputation was performed 
using a Sardinian reference panel, followed by association 
testing with adjustment for covariates including sex, age 
and age-squared. This ensured no confounding from hid-
den population substructure and provided robust instru-
mental variables for our causal inference analyses of CRC 
susceptibility.
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Fig. 1  Identifying Causal Immune Cell Signatures in Colorectal Cancer Susceptibility Through Two-Sample Mendelian Randomization. Forest plots were 
used to illustrate the causal associations between colorectal cancer (CRC) and immune cell traits. The analysis employed inverse variance weighting (IVW) 
and presented confidence intervals (CI) to depict the magnitude and precision of the observed relationships
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Selection of instrumental variables (IVs)
We set the significance threshold for instrumental vari-
ants (IVs) of each immune trait to P < 1 × 10 − 5, con-
sistent with prior work. Linkage disequilibrium (LD) 
pruning was performed using PLINK software (v1.90) 
to identify independent SNPs with an LD r2 threshold of 
< 0.1 within 500  kb. LD r2 values were estimated based 
on the 1000 Genomes Project reference panel [10].

For colorectal cancer (CRC), we adopted a stringent 
genome-wide significance threshold of P < 5 × 10− 8 to 
ensure robust variant-outcome associations. LD was lev-
eraged to identify independent SNPs potentially associ-
ated with CRC risk at R2 < 0.005. This filtering retained 
28 genetic variants for subsequent analyses as instru-
ments representing CRC predisposition. Once the instru-
mental variants were finalized, harmonization of GWAS 
datasets was achieved by extracting information from 
the CRC genome-wide study that corresponded to each 
retained variant. This allowed testing of CRC risk spe-
cifically mediated by the genetic instruments identified 
for immune cell profiles, meeting the assumptions for 
causal effect estimation using two-sample Mendelian 
randomization.

SNP annotation
Genetic variant annotation was performed using the 
web-based g: SNPense tool. g: SNPense maps human 
SNPs denoted by rs IDs to corresponding gene names by 
integrating chromosomal positions and predicted func-
tional consequences from Ensembl Variation. Specifi-
cally, it retrieves relevant genic context for input variants 
that intersect protein-coding gene loci as defined by the 
reference Ensembl gene set. Leveraging g: SNPense facili-
tated characterization of the putative functional roles and 
biological pathways of instrumental variants potentially 
associated with immune cell traits and CRC risk. Such 
annotation provided molecular insight into the mecha-
nisms whereby specific immune cell populations may 
exert influence on colorectal neoplasia susceptibility as 
inferred through our MR analyses. Overall, g:SNPense 
represented a powerful online resource that augmented 
interpretation of genetic findings by mapping variants to 
their cognate gene targets encoded within the human ref-
erence genome.

Construct prognostic signature of immunophenotypes
We constructed an immune signature-based prognos-
tic model using The Cancer Genome Atlas (TCGA) 

Fig. 2  Evaluating Putative Immune Modifications Potentially associated with Colorectal Cancer Onset using Two-Sample Mendelian Randomization. For-
est plots were used to illustrate the causal associations between colorectal cancer (CRC) and immune cell traits. The analysis employed inverse variance 
weighting (IVW) and presented confidence intervals (CI) to depict the magnitude and precision of the observed relationships
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id chr start end strand gene_names
rs62034403 16 78,334,703 78,334,703 + WWOX
rs960502 1 55,146,605 55,146,605 + USP24
rs138016528 16 72,077,935 72,077,935 + TXNL4B
rs56392104 16 11,734,711 11,734,711 + TXNDC11
rs75837226 11 68,046,204 68,046,204 + TCIRG1
rs76882749 1 54,066,457 54,066,457 + TCEANC2
rs62285107 4 1,729,552 1,729,552 + TACC3
rs139258218 1 1.18E + 08 1.18E + 08 + SPAG17
rs173262 16 12,136,304 12,136,304 + SNX29
rs61735519 22 45,354,086 45,354,086 + SMC1B
rs461709 19 47,163,454 47,163,454 + SAE1
rs11121500 1 6,219,556 6,219,556 + RNF207
rs13410035 2 1.6E + 08 1.6E + 08 + RBMS1
rs8003606 14 68,506,533 68,506,533 + RAD51B
rs35069110 7 1.58E + 08 1.58E + 08 + PTPRN2
rs6139531 20 4,726,420 4,726,420 + PRND
rs7819099 8 1.44E + 08 1.44E + 08 + PLEC
rs2588120 8 17,607,754 17,607,754 + PDGFRL
rs17780836 5 59,327,108 59,327,108 + PDE4D
rs76516141 3 33,832,763 33,832,763 + PDCD6IP
rs12573934 11 4,681,337 4,681,337 + OR51E2
rs115044799 3 47,011,645 47,011,645 + NRADDP
rs541367304 1 1.98E + 08 1.98E + 08 + NEK7
rs2011807 16 83,942,959 83,942,959 + MLYCD, OSGIN1
rs61924635 12 25,497,711 25,497,711 + LMNTD1
rs78708224 7 26,415,621 26,415,621 + LINC02981
rs6724848 2 38,451,509 38,451,509 + LINC02613
rs72784338 5 1.07E + 08 1.07E + 08 + LINC01950
rs11014701 10 25,710,311 25,710,311 + LINC00836
rs144261817 5 40,009,547 40,009,547 + LINC00603
rs3813658 2 30,250,656 30,250,656 + LBH
rs6096232 20 51,021,437 51,021,437 + KCNG1
rs2708609 7 1.12E + 08 1.12E + 08 + IFRD1
rs13157900 5 80,359,152 80,359,152 + HNRNPA1P12
rs9269074 6 32,473,015 32,473,015 + HLA-DRB9
rs78689026 6 30,772,261 30,772,261 + HCG20
rs6763382 3 32,114,791 32,114,791 + GPD1L
rs6751481 2 38,670,668 38,670,668 + GALM
rs6687275 1 1.62E + 08 1.62E + 08 + FCGR3A
rs72879624 11 5,123,161 5,123,161 + ENSG00000290651
rs61802333 1 1.62E + 08 1.62E + 08 + ENSG00000289768
rs13006059 2 42,795,580 42,795,580 + ENSG00000289082
rs137997033 6 1.24E + 08 1.24E + 08 + ENSG00000285941
rs969808 8 71,687,167 71,687,167 + ENSG00000254277
rs139325044 16 59,149,646 59,149,646 + ENSG00000245768
rs12537451 7 49,231,213 49,231,213 + ENSG00000234686
rs116794175 1 1.94E + 08 1.94E + 08 + ENSG00000227240
rs6733868 2 25,276,998 25,276,998 + DNMT3A
rs10977191 9 862,889 862,889 + DMRT1
rs186940149 13 35,954,842 35,954,842 + DCLK1
rs75442393 8 3,060,512 3,060,512 + CSMD1
rs76225340 8 3,797,463 3,797,463 + CSMD1
rs73009664 3 2,679,929 2,679,929 + CNTN4

Table 1  SNP annotation
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colorectal cancer (CRC) dataset. Clinical informa-
tion including survival outcomes were obtained for 619 
patients alongside RNA-seq abundance estimates (level 
3). Transcript per million (TPM) values were log2-trans-
formed after adding a pseudocount of 1 to reduce skew-
ness. Feature selection was performed using the least 
absolute shrinkage and selection operator (LASSO) Cox 
regression with 10-fold cross-validation, implemented 
via the R glmnet package. This penalized approach identi-
fied a parsimonious set of immune transcripts predictive 
of CRC survival. Prognostic value was evaluated using 
Kaplan-Meier analysis and the log-rank test, with curves 
and 95% confidence intervals generated by the R survival 
package. The detailed information of TCGA-CRC is pro-
vided in Supplementary Material 9.

Signatures were dichotomized about their median 
to stratify patients into high- and low-risk groups for 
direct survival comparison. Statistical significance was 
set at P < 0.05. Our integrated computational workflow 
leveraged TCGA molecular profiles together with clini-
cal follow-up to develop an immunogenomic classifier 
of CRC outcome. It provides a basis for future studies 
mechanistically linking immune landscapes to prognosis 
in colorectal tumorigenesis.

Identification of potential subtypes
We applied consensus clustering to elucidate robust 
molecular subgroups within colorectal cancer (CRC) 
patients. 80% of samples (n = 495) from The Cancer 
Genome Atlas were designated as the discovery cohort. 
ConsensusClusterPlus (v1.54.0) iteratively clustered this 
cohort 100 times, stabilizing consensus partitions.

Gene expression heatmaps were generated using 
pheatmap (v1.0.12) and focused on differentially vari-
able genes with standard deviations over 0.1. When over 
1,000 genes met this criterion, we retained the top 25% 
most varying. The remaining 20% of samples (n = 124) 
comprised an internal validation cohort. We evaluated 
whether the clusters identified in the discovery samples 
could correctly classify the held-out validation cases. 
This rigorous consensus clustering approach leveraged 

multiple resampling of the majority of CRC patients to 
reveal robust and reproducible intrinsic subgroups. Inde-
pendent validation testing of the cluster solution on a 
separate data portion demonstrated its generalizability 
for stratifying CRC molecular phenotypes with func-
tional implications.

Cell culture and transfection
The SW480 and HCT116 colorectal cancer cell line 
was obtained from Procell Life Science & Technology 
(Wuhan, China) and tested free of mycoplasma con-
tamination. Cells were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM; Gibco) supplemented with 10% 
fetal bovine serum (FBS; Gibco), 100 U/mL penicillin 
and 100  µg/mL streptomycin (Thermo Fisher Scientific, 
Waltham, MA) at 37 °C in a humidified atmosphere con-
taining 5% CO2. All human cell lines have been authen-
ticated using STR (or SNP) profiling within the last three 
years has been included.

GPD1L gene silencing was achieved using lipid-based 
transfection of small interfering RNA (siRNA). Specifi-
cally, SW480 and HCT116 cells were transfected with 
either siRNA targeting GPD1L (si-GPD1L) or a non-tar-
geting control (si-NC) using Lipofectamine 2000 reagent 
(Thermo Fisher Scientific) following the manufacturer’s 
protocol. Cells were harvested 24  h post-transfection 
for subsequent analyses. This established an efficient in 
vitro system to investigate the roles of GPD1L in colorec-
tal cancer cell biology using loss-of-function approaches 
with siRNA-mediated knockdown. The optimized cul-
ture conditions and transfection methodology ensured 
viability and reproducibility for downstream molecular 
and functional experiments. All of the primer sequences 
and small interfering RNA sequences are listed in Sup-
plementary Material 5.

Cell proliferation
To assess the role of GPD1L in CRC cell proliferation, we 
performed colony formation and flow cytometry assays. 
For colony formation, SW480 and HCT116 cells trans-
fected with either si-GPD1L or si-NC were seeded at 500 

id chr start end strand gene_names
rs113376235 16 75,480,813 75,480,813 + CHST6
rs140690408 16 53,305,092 53,305,092 + CHD9
rs7425430 2 86,829,357 86,829,357 + CD8B
rs35587265 3 46,217,805 46,217,805 + CCR3
rs10868399 9 86,235,779 86,235,779 + C9orf153
rs139142972 18 31,651,139 31,651,139 + B4GALT6
rs1317900 2 1.31E + 08 1.31E + 08 + ARHGEF4
rs408686 2 38,950,179 38,950,179 + ARHGEF33
rs11109601 12 98,780,254 98,780,254 + ANKS1B
rs189927142 10 27,227,826 27,227,826 + ACBD5

Table 1  (continued) 
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Fig. 3  Immunophenotype-Potentially associated Gene Signatures. (a) Pathway enrichment analysis of the 48 genes potentially potentially associated 
with immunophenotype risk loci; (b) Non-negative matrix factorization consensus clustering of the 13 gene signatures at k = 2 optimally partitioned pa-
tients per cumulative distribution function and area under the function curve; (c) Initial unsupervised classification separated TCGA CRC cohorts into C1 
and C2 subtypes by the consensus clustering map; (d) Patients were divided into C1 and C2 clusters according to the consensus map; (e) Principal com-
ponent analysis further corroborated distinct clustering; (f) Differential gene expression heatmaps confirmed molecular divergence between subgroups; 
(g) Kaplan-Meier survival analyses with the log-rank test revealed significantly poorer prognosis for C2 versus C1
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cells per well in six-well plates and cultured for 15 days. 
Colonies were fixed, stained with hematoxylin, and man-
ually counted.

Total RNA was extracted from transfected SW480 and 
HCT116 cells using TRIzol reagent (Thermo Fisher Sci-
entific). Primer sequences and siRNA targets are listed 
in Supplementary Material 5. Colony formation assays 
were conducted in biological triplicate with SW480 and 
HCT116 cells transfected with either si-GPD1L and 
si-NC. Colonies were counted using ImageJ software and 
statistical significance between conditions was deter-
mined using two-tailed unpaired Student’s t-tests. All 
experiments were performed in biological triplicates.

Statistical analysis
All analyses were conducted using R 3.5.3 software. The 
MendelianRandomization R package (version 0.4.3) 
was used to implement several causal estimation meth-
ods, including inverse variance weighting (IVW), MR 
Egger regression, weighted median and mode-based 
approaches [12–15]. Cochran’s Q test and corresponding 
p-values quantified heterogeneity across genetic instru-
mental variables. In the presence of significant heteroge-
neity, a random effects IVW model replaced the default 
fixed-effects version.

To account for horizontal pleiotropy, MR Egger regres-
sion was conducted, with an intercept term different 
from zero suggesting pleiotropic bias. Additionally, the 
MR-PRESSO method robustly detected and removed 
outlying instrumental variables capable of unduly influ-
encing estimates [16, 17]. Scatter plots ascertained the 
lack of influential outliers, while funnel plots demon-
strated robust instrument strengths without asymmetry 
indicative of pleiotropy or bias. Overall, triangulation 
across multiple MR techniques and diagnostic plots 
provided strong evidence for causal relationships rec-
onciled by different underlying assumptions. Rigorous 
methodological implementation and results appraisal in 
independent, well-powered immunogenetic summary 
data resources substantiated hypothetical links between 
immune profiles and schizophrenia susceptibility.

Results
Identifying causal immune cell signatures in colorectal 
cancer susceptibility through two-sample mendelian 
randomization
Two-sample Mendelian randomization was performed 
to investigate causal associations between immuno-
phenotypes and colorectal cancer (CRC) risk. Inverse 
variance weighting (IVW) identified 18 immunophe-
notypes potentially associated with decreased CRC risk 
and 17 immunophenotypes potentially associated with 
increased risk (Fig.  1, Supplementary Material 1). The 
top five immunophenotypes demonstrating protective 

effects against CRC were: (1) CD24 on transitional B cells 
(B cell panel; OR 0.89, 95% CI 0.899–0.997, P = 0.039), (2) 
IgD- CD38br absolute counts (B cell panel; OR 0.91, 95% 
CI 0.918–0.975, P = 0.0003), (3) CD14 on CD14 + CD16- 
monocytes (Monocyte panel; OR 0.90, 95% CI 0.900-
0.988, P = 0.013), (4) CD25 + + CD8br % T cells (Treg 
panel; OR 0.89, 95% CI 0.892–0.979, P = 0.004), (5) 
IgD + CD24+ % B cells (B cell panel; OR 0.93, 95% CI 
0.880–0.985, P = 0.013). The top five immunophenotypes 
potentially associated with increased CRC risk were: (1) 
SSC-A on B cells (TBNK panel; OR 1.07, 95% CI 1.019–
1.13, P = 0.006), (2) CM CD8br % T cells (Maturation 
stages of T cell panel; OR 1.06, CI 1.003–1.121, P = 0.037), 
(3) CD8 on CD28- CD8br (Treg panel; OR 1.05, CI 
1.001–1.108, P = 0.042), (4) CCR2 on CD62L + myeloid 
dendritic cells (cDC panel; OR 1.05, CI 1.007–1.099, 
P = 0.022), (5) Activated & resting Treg %CD4+ (Treg 
panel; OR 1.05, CI 1.009–1.092, P = 0.014). The immu-
nophenotypes demonstrated associations with CRC risk 
where odds ratios were closer to the null value of 1, sug-
gesting these results require more rigorous validation 
before corroborating causality. The detailed immune sig-
natures across the seven cell type groups are provided in 
Supplementary Material 6.

Evaluating putative immune modifications potentially 
associated with colorectal cancer onset using two-sample 
mendelian randomization
we applied two-sample Mendelian randomization (MR) 
to investigate the potential causal effects of colorec-
tal cancer (CRC) onset on various immunophenotypes. 
Using the inverse variance weighting method, we iden-
tified several associations between CRC and specific 
immune cell markers: (1) Increased CD86 + expres-
sion on plasmacytoid dendritic cells (odds ratio [OR] 
1.123, P = 0.035). (2) Increased BAFF-R expression on 
IgD + CD24- cells (OR 1.125, P = 0.034). (3) Increased 
BAFF-R expression on naive-mature B cells (OR 1.115, 
P = 0.049). (4) Increased BAFF-R expression on IgD + B 
cells (OR 1.122, P = 0.036). The detailed data supporting 
these findings are presented in Supplementary Mate-
rial 2 and Fig. 2. This study adheres to the STROBE-MR 
(Strengthening the Reporting of Observational Studies 
in Epidemiology - Mendelian Randomization) report-
ing guidelines for observational studies using Mendelian 
randomization.

SNP annotation
We conducted follow-up analysis to annotate single-
nucleotide polymorphisms (SNPs) meeting locus-wide 
significance for the top risk five immunophenotypes con-
ferring elevated colorectal cancer (CRC) risk. Forty-eight 
host genes putatively linked to CRC pathogenesis were 
identified across the implicated loci (Table  1). We have 
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provided the detailed SNP annotation table including 
the genomic locations of the variants as a Supplementary 
Material 7.

Characterizing colorectal cancer molecular subtypes 
based on immunophenotype-potentially associated gene 
signatures
We conducted pathway enrichment analysis of the 48 
genes potentially associated with immunophenotype risk 
loci, revealing significant overrepresentation of trans-
membrane transporter binding, glycerol-3-phosphate 
dehydrogenase [NAD(P)+] activity and circulatory sys-
tem processes (Fig.  3A). Thirteen genes were selected 
through prognostic profiling to develop immune-strati-
fied colorectal cancer (CRC) molecular subtypes (Supple-
mentary Material 3). Non-negative matrix factorization 
consensus clustering of the 13 gene signatures at k = 2 
optimally partitioned patients per cumulative distribu-
tion function and area under the function curve (Fig. 3B). 
Initial unsupervised classification separated TCGA CRC 
cohorts into C1 and C2 subtypes by the consensus clus-
tering map (Fig. 3C, Supplementary Material 4). Patients 
were divided into C1 and C2 clusters according to the 
consensus map (Fig.  3D). Differential gene expression 
heatmaps confirmed molecular divergence between sub-
groups (Fig.  3F). Principal component analysis further 
corroborated distinct clustering (Fig.  3E). Kaplan-Meier 
survival analyses with the log-rank test revealed sig-
nificantly poorer prognosis for C2 versus C1 (p < 0.0045, 
Fig. 3G).

Characterizing the immune landscape and prognostic 
signatures of colorectal cancer subtypes based on 
immunophenotype
We observed downregulated immune checkpoint 
genes in poor prognosis C2 patients (Fig.  4A). Corre-
lation network analysis suggested that most immune 
phenotype-related genes are positively correlated 
with CD4 immune cells (Fig.  4B). Cox regression on 
immune traits pruned 13 genes for LASSO model-
ing to derive an overall survival (OS) prognostic sig-
nature (Fig.  4C, D). The risk score equation was: Risk 
score = (-0.2968)*TCEANC2 + (-0.5675)*PDCD6IP + 
(-0.2528)*USP24 + (0.3435)*PLEC + (0.1323)*RNF207 
+ (-0.157)*B4GALT6 + (0.1041)*OR51E2 + 
(0.6024)*C9orf153 + (0.6103)*TXNL4B + (0.0266)*ARH-
GEF4 + (0.1941)*CHD9 + (-0.1165)*TCIRG1. With 
λmin = 0.0031, the signature stratified patients by risk 
of mortality (hazard ratio 2.247, 95% confidence inter-
val 1.56–3.236, log-rank p = 1.36 × 10 − 5). Areas under 
receiver operating characteristic curves of 0.651, 0.657 
and 0.687 validated prognostic accuracy at 1, 3 and 5 
years respectively. Kaplan-Meier analysis revealed signifi-
cantly greater OS in the low-risk versus high-risk group 

defined by this immunophenotype-derived signature 
(p = 1.36 × 10 − 5) (Fig. 4E).

GPD1L as a potential therapeutic target in CRC
We focussed on characterizing GPD1L given its associa-
tion with poor CRC prognosis. GPD1L expression was 
reduced in tumors versus normal tissue by boxplot and 
paired analysis (Fig. 5A, B). Kaplan-Meier survival curves 
showed elevated GPD1L correlated with improved over-
all survival (OS), disease-specific survival (DSS) and 
progression-free survival (PFI) (Fig. 5C-E). To interrogate 
GPD1L’s involvement in colon cancer cell proliferation, 
SW480 and HCT116 cells were transfected with siRNA 
against GPD1L, confirming knockdown (Fig. 5F). To con-
firm knockdown at the protein level, western blot analysis 
in Supplementary Material 8  C demonstrates reduction 
of GPD1L protein expression 48  h post-transfection 
with si-GPD1L compared to NC group. Colony forma-
tion assays revealed si-GPD1L transfected cells formed 
significantly more colonies than si-NC controls, suggest-
ing GPD1L knockdown promoted CRC cell proliferation. 
Colonies were counted using ImageJ software (Fig.  5G). 
We have since analyzed an independent cohort of 598 
colorectal cancer samples from the GSE39582 dataset on 
GEO (Gene Expression Omnibus data base). Supplemen-
tary Material 8  A confirms reduced GPD1L expression 
in tumors versus normal tissues. Kaplan-Meier curves 
in Supplementary Material 8B recapitulate our earlier 
results, with elevated GPD1L correlating with improved 
overall survival.

Discussion
In this study, we leveraged large-scale immunogenomic 
and CRC datasets to elucidate causal relationships 
between immune cell compositions and CRC suscep-
tibility using a two-sample Mendelian randomization 
approach. Our key findings provide new insights into 
CRC etiology and propose candidate immunological 
mechanisms for modulating disease risk.

Through rigorous MR analyses, we identified 17 
immune cell signatures causally potentially associated 
with increased CRC risk and 18 signatures linked to 
decreased risk. Notably, our results implicate dysregu-
lated immunophenotypic profiles localized to distinct 
cellular populations, including B cells, CD8 + T cells, den-
dritic cells, and regulatory T cells (Tregs). While previous 
studies have broadly linked immune activation to CRC 
[18], our findings provide unprecedented resolution by 
pinpointing discrete immune subsets and their potential 
contributions to tumorigenesis.

Several immunophenotypes potentially associated 
with elevated CRC risk merit further mechanistic inves-
tigation. Increased SSC-A expression on B cells indi-
cates higher B cell numbers/activity. As key immune 
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Fig. 4  Characterizing the Immune Landscape and Prognostic Signatures of Colorectal Cancer Subtypes based on Immunophenotype. (a) Differential 
expression heatmap of immune checkpoint genes between C1 and C2 subtypes. Downregulated genes are indicative of immune evasion in the poor 
prognosis C2 subtype; (b) Correlation network graph analyzing the relationship between immune phenotype-related gene expression and immune 
cell scores. Most genes positively correlate with CD4 + T cells; (c, d) Univariate Cox regression of immune traits on overall survival. Thirteen genes (dots) 
were selected for LASSO modeling based on significance; (e) Kaplan-Meier analysis of overall survival stratified by the immunophenotype-derived risk 
signature. Low-risk patients demonstrated significantly greater OS (hazard ratio 2.247, 95% CI 1.56–3.236, log-rank p = 1.36 × 10 − 5), validating prognostic 
accuracy of the signature at 1, 3 and 5 years
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activators and antibody producers, elevated B cells could 
facilitate tumorigenesis by enhancing immune responses 
[19–21]. An increase in the proportion of CM differenti-
ated CD8br T cells may suggest a potential impairment 
in memory CD8 + T cell responses, which are crucial 
for immune surveillance. This could potentially allow 
for cancer immune evasion [22–24]. Upregulated CD8 
expression on terminally differentiated CD28- CD8br 

T cells may compromise their cytotoxic functions 
against tumors [25, 26]. Higher CCR2 levels on activated 
CD62L + myeloid dendritic cells suggests enhanced anti-
gen presentation, but tumors could co-opt this to pro-
mote evasion of immune detection [27–29]. An increased 
proportion of activated/resting Tregs as a fraction of total 
CD4 + T cells implies stronger inhibitory effects of Tregs 
in stifling anti-tumor immunity [30–32].

Fig. 5  GPD1L as a potential therapeutic target in CRC. (a) Boxplot comparing GPD1L expression between tumor and normal tissues from TCGA CRC pa-
tients; (b) Paired analysis showing reduced GPD1L in tumors versus matched normal tissues; (c-e) Kaplan-Meier survival curves showed elevated GPD1L 
correlated with improved overall survival (OS), disease-specific survival (DSS) and progression-free survival (PFI); (f) qPCR validation of GPD1L knockdown 
in SW480 and HCT116 cells transfected with si-GPD1L versus si-NC control; (g) Colony formation assays demonstrated proliferation increases with GPD1L 
inhibition
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We identified some immunophenotypes with relatively 
weak associations (ORs closer to 1) with CRC risk, sug-
gesting that these results may require further validation. 
Future studies with larger sample sizes and comple-
mentary analytical approaches will be needed to ensure 
the robustness of these findings. Additionally, we have 
framed our study as an exploratory analysis to uncover as 
many potentially relevant immune signatures as possible, 
while acknowledging the need for further confirmatory 
investigations. Nevertheless, our overall analysis provides 
important insights into the role of the immune system 
in the pathogenesis of CRC. Some immunophenotypes 
identified as risk factors for colorectal cancer exhibited 
relatively weak effect sizes with odds ratios near 1. These 
marginal effects will require larger independent datasets 
and complementary analytic techniques to verify robust-
ness before concluding causality. A key limitation of our 
study is that we did not employ false discovery rate (FDR) 
control or other multiple testing correction methods 
when performing statistical analyses involving multiple 
immune cell traits and genetic variants. This increases 
the risk of type I errors due to multiple testing. While 
we implemented stringent Bonferroni-corrected signifi-
cance thresholds, some associations we identified require 
replication in independent studies to account for poten-
tial inflation of false positives without FDR control. We 
have highlighted several results that merit further valida-
tion. Future studies with larger sample sizes incorporat-
ing FDR are warranted to draw more robust conclusions 
from analyses of our vast omic datasets. Nevertheless, 
our exploratory analysis provides novel insights into 
immune-disease relationships in colorectal cancer 
requiring confirmation and follow-up.

Leveraging our comprehensive Mendelian randomiza-
tion analyses, we prioritized the top 5 risk-enhancing 
immune cell populations and annotated their potentially 
associated genetic variants, unveiling 48 putative regula-
tory genes. Through an integrative risk prediction model 
and subsequent functional validation assays, we identi-
fied GPD1L as a key gene mediating colorectal cancer 
susceptibility. Integrating multi-omic profiling, we devel-
oped the first immuno-stratified taxonomy of CRC to 
stratify clinical behavior. Our C1/C2 subtypes depend on 
coordinated immunophenotypic programming, with the 
C2 subtype conferring poorer prognosis. Focusing on the 
prognostic GPD1L, its clinical significance and tumor-
suppressive role in CRC were characterized both clini-
cally and functionally through in vitro experimentation. 
Strikingly, GPD1L knockdown potently promoted CRC 
cell proliferation, highlighting its pivotal role as a tumor 
suppressor and representing a promising therapeutic 
target.

Conclusion
In this study, we employed an innovative integrated 
immunogenomic approach leveraging two-sample Men-
delian randomization to systematically profile associa-
tions between immune cell compositions and colorectal 
cancer (CRC) susceptibility. An immune-stratified 
taxonomy of CRC was developed, where the C2 sub-
type showed poorer prognosis, highlighting the need 
to understand the molecular drivers of subtype-specific 
outcomes. The tumor suppressor GPD1L was charac-
terized as a prognostic marker and a regulator of CRC 
pathways. This integrated immunogenomic approach is 
a powerful tool for dissecting precision immune-disease 
relationships.
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