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Colorectal cancer (CRC) remains to be a leading cause of cancer-related mortality worldwide. Although immune
evasion appears to play a critical role in CRC progression, the underlying mechanisms are poorly defined,
necessitating further scientific investigation. Here we report a differential co-expression gene pattern involving
TNFAIPSL2 (TIPE2), a newly described immune checkpoint gene, which may be employed by CRC to evade
immune surveillance. Single-cell RNA sequencing and bioinformatic analyses of CRC revealed significant positive
correlations between TNFAIP8L2 and the metastatic gene OLR1 as well as the immune checkpoint gene PDL1I,
indicating potential functional synergistic interactions among these genes. Additionally, the TNFAIPSL2 differ-
entially co-expressed genes (Dco-EGs) in macrophages were positively associated with the p53 signaling
pathway, indicating an important mechanism in regulating tumor immunity in CRC. These findings provide new
insights into the complex mechanism of immune evasion in CRC, laying the foundation for the development of

innovative tumor immunotherapies.

1. Introduction

Colorectal cancer (CRC) continues to be one of the most common and
lethal cancers globally, contributing substantially to cancer-related
morbidity and mortality. It is the third most frequently diagnosed can-
cer and the fourth leading cause of cancer death worldwide, with an
estimated 1.2 million new cases and 600,000 deaths each year [1-3].
Despite advances in early detection and treatment, the prognosis for
patients with advanced CRC remains poor, largely due to the complex
mechanisms underlying tumor progression and immune evasion [1,
4-6]. The tumor microenvironment (TME) plays a pivotal role in
shaping the malignant characteristics of cancer, including immune
evasion, which allows cancer cells to escape immune surveillance [4,7].
Understanding the molecular mechanisms that drive immune evasion in

CRC is therefore critical for developing effective therapeutic strategies.

Immune evasion in colorectal cancer (CRC) is mediated by multiple
mechanisms, including the upregulation of immune checkpoint mole-
cules such as programmed cell death ligand 1 (PD-L1) and cytotoxic T-
lymphocyte-associated protein 4 (CTLA4) [8,9]. These molecules inhibit
anti-tumor immunity by engaging with their respective receptors on
immune cells, leading to T-cell exhaustion and immune suppression
[10-13]. The development of immune checkpoint inhibitors (ICIs) such
as pembrolizumab targeting PD-1/PD-L1 and Ipilimumab targeting
CTLA4 has revolutionized cancer treatment, demonstrating remarkable
clinical success across multiple malignancies [14-16]. However, the
efficacy of ICIs in CRC has been strikingly limited, particularly in
microsatellite-stable (MSS) tumors, which constitute the majority of
CRC cases [17,18]. This therapeutic resistance highlights the urgent
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need to identify novel immune checkpoint molecules and their associ-
ated pathways that could serve as targets for combination therapies.

In this study, we focus on TNFAIP8L2 (Tumor Necrosis Factor Alpha-
Induced Protein 8 Like-2), a member of the TNFAIP8 family, which has
recently emerged as a potential immune checkpoint gene with dual roles
in immune regulation and cancer progression [19-21]. Also known as
TIPE2, TNFAIPSL2 is an important negative regulator of innate and
adaptive immunity through the inhibition of TLR and TCR signaling in
order to maintain immune homeostasis both in inflammation and
carcinogenesis [19,22]. It is also involved in modulating cellular po-
larization and chemotaxis [19,23]. TNFAIPS8L2 has been shown to
exhibit distinct, tissue-specific roles in cancer progression. In hepato-
cellular carcinoma (HCC), TNFAIP8L2 suppresses tumor growth and
metastasis by inhibiting the PI3K/AKT signaling pathway [24]. By
contrast, in CRC, TNFAIP8L2 exhibits context-dependent duality:
TNFAIPSL2 promotes murine tumor  initiation during
AOM/DSS-induced inflammatory carcinogenesis, while its over-
expression suppresses tumor cell proliferation and survival in estab-
lished murine CRC models [22]. The roles of human TNFAIPSL2 in CRC
remain to be established.

To address this knowledge gap, we employed a multi-omics
approach, integrating scRNA-seq and bulk RNA sequencing data from
CRC patients, to explore the role of human TNFAIPSL2 in shaping the
immune landscape of CRC. Our analysis revealed that TNFAIPSL2 is
highly expressed in myeloid cell populations, particularly conventional
or tumor-associated macrophages (TAMs), cycling macrophages, and
dendritic cells. Furthermore, we identified distinct co-expression pat-
terns of TNFAIPSL2 together with key immune regulators, including
OLR1 (Oxidized Low-Density Lipoprotein Receptor 1), and ZG16
(Zymogen Granule Protein 16). OLRI, a gene linked to metastasis and
poor prognosis [25], was positively correlated with TNFAIPSL2, while
ZG16, an anti-tumor gene [26], exhibited an inverse relationship with
TNFAIP8L2. Notably, TNFAIP8L2 was positively correlated with the
immune checkpoint PD-L1, suggesting a potential TNFAIPSL2-mediated
mechanism for immune escape. Functional enrichment analysis of
TNFAIPSL2 co-expressed genes revealed their involvement in critical
pathways such as p53 signaling, leukocyte chemotaxis, and cytokine
signaling, all of which are known to play important roles in immune
regulation and tumor progression [27-29]. Additionally, we observed a
positive correlation between TNFAIP8L2 and regulatory T cell (Treg)
markers, such as FOXP3 and CTLA4, suggesting a potential cooperative
role in mediating immunosuppression within the CRC TME [30]. These
findings position TNFAIP8L2 as a central player in CRC immune evasion
and highlight its potential as a therapeutic target, particularly in com-
bination with existing immune checkpoint inhibitors.

Our study provides novel insights into the role of TNFAIP8L2 in CRC
immune evasion and identifies the TNFAIPS8L2-OLR1-PD-L1 axis as a
promising target for combinatorial immunotherapy. By leveraging
computational biology and multi-omics data, we unravel the complex
interplay between TNFAIP8L2 and its co-expressed genes, offering a
roadmap for the development of precision therapeutic strategies for
CRC.

2. Results

2.1. Single-cell transcriptome analyses of human colon cancer revealed
new dynamics of TME

The tumor microenvironment (TME) plays a pivotal role in shaping
the malignant characteristics of cancers [7]. Factors such as expression
of PD-L1 are crucial in developing resistance to immunotherapy [12,13].
Understanding the factors influencing PD-L1 expression in the TME is
important for enhancing the efficacy of immunotherapies and improving
patient outcomes through personalized treatment strategies [31].

In this study, we analyzed publicly available scRNA-seq datasets
from 62 CRC patients, including their tumor and adjacent non-tumorous
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tissues (Fig. 1A). The dataset, comprising 370,114 cells and 31,873
genes, was processed using R software v4.3.3 to segregate cells into 24
distinct clusters based on their transcript profiles, and visualized using
uniform manifold approximation (UMAP) (Fig. S1A). To address po-
tential redundancy in the dataset of 31,873 genes, we focused on highly
variable genes and used PCA to reduce dimensionality. This approach
minimized the impact of redundant genes with overlapping expression
patterns, ensuring that the clustering results reflected biologically
meaningful cell populations. By cross-referencing known cell class-
specific marker genes (Fig. S1B) [32], we identified three major cell
classes: epithelial, immune, and stromal (Fig. 1B). Notably, a higher
proportion of cells infiltrated tumor tissues compared to normal tissues
(Fig. 1C), with immune cell lineages showing the most significant
enrichment (Fig. S2).

Further subclassification of immune cells revealed 15 major sub-
clusters (Fig. S1C), representing various immune cell types (Fig. 1D)
based on canonical markers (Fig. S1D). These included NK/T cells,
Tregs, neutrophils, dendritic cells, B cells, monocytes, macrophages,
plasma cells, and mast cells. During colon tumorigenesis, we observed
increased infiltration of both lymphoid and myeloid cell types in tumor
tissues compared to normal tissues with the exceptional of B cells
(Fig. 1E-F).

2.2. Identification of TNFAIP8L2 co-expressed genes in human colon
cancer

TNFAIPSL2 is a newly identified immune checkpoint gene that reg-
ulates cancer progression [19,20]. To identify potential TNFAIP8L2
co-expression patterns in CRC, we first clustered myeloid cells based on
canonical markers (Fig. S1F). Eight distinct subclusters (Fig. S1E)
including macrophages (cluster 0, C0), monocytes (C1), conventional
dendritic cells (cDCs, C2), neutrophils (C3), cycling macrophages (C4),
mature regulatory DCs (mregDCs, C5), plasmacytoid DCs (pDCs, C6),
and mast cells (C7) (Fig. 2A-B) were identified. Notably, we found that
the proportion of myeloid cells in tumor tissues was significantly higher
than in normal tissues (Fig. 2B-C) with macrophages and monocytes
showing the most pronounced differences (Fig. 2D). TNFAIPSL2 was
significantly expressed in conventional or tumor-associated macro-
phages, conventional dendritic cells (cDCs), and cycling macrophages
(Fig. 3A). Its expression levels differed significantly between normal and
tumor tissues, particularly in macrophages (Fig. 3B).

To understand the relationship between TNFAIP8L2 and other genes
in the TME, we performed correlation analyses to identify TNFAIPSL2
co-expressed genes (co-EGs) (see Methods for more details). Cells that
expressed TNFAIP8L2 gene were designated as Group 1 and cells that did
not as Group 2 (Fig. 3C-D). Co-expressed genes in Group 1 were referred
to as TNFAIP8L2 co-Egs.

2.3. Enrichment analysis of TNFAIPSL2 single-cell co-expressed
transcriptomes revealed its connection with OLR1, PD1, and p53

Differential analysis of Group 1 cells identified a total of 12,801 Dco-
EGs (Supplementary Table S1), with 8376 and 1, 366 genes showing
significant changes based on p-value < 0.05, and adjusted p-value
< 0.05, respectively. To minimize false positives, we used the adjusted
p-value for downstream analyses. Of note, TNFAIP8L2 was significantly
downregulated in tumor tissues based on the unadjusted p - value < 0.05
(log fold change = —0.7455, p-value = 1.36E-05, MAST statistical test),
but this significance was not retained after adjusting for multiple testing
(log fold change = —0.7455, p-value = 0.4344, MAST statistical test)
(Fig. 3D).

Of the 1366 significant Dco-EGs (adjusted p-value < 0.05)
(Supplementary Table S2), 130 genes were downregulated (absolute log
fold change < 0.5) (Supplementary Table S3), and 611 genes were
upregulated (absolute log fold change > 0.5) (Supplementary Table S4).
Although TNFAIPSL2 was downregulated in the TME, this does not
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Fig. 1. Single-cell transcriptome profile of human colon cancer TME. A, UMAP plot showing the clustering of 370,114 high quality single-cells excavated from
human colon tissues and their adjacent normal tissues. B, UMAP plot displaying three major cell classes of immune and non-immune cells in the tumor microen-
vironment. C, The proportion of the three major cell classes of immune and non-immune cells in the tumor and normal tissues. D, 2D UMAP plot of immune cells. E,
Bar graph showing the proportions of each immune cell types in the tumor and normal tissues. F, Statistical assessment of the differences in the proportion of each cell
types. P-value < 0.05 indicate that the difference in the cell type’s expression counts between the two normal and tumor tissues is statistically significant. P-values

were calculated by Wilcoxon test (wilcox.test).

necessarily rule out its potential contribution to CRC progression as
previously described [22].

The up- and downregulated TNFAIP8L2 co-expressed transcriptomes
between normal and tumor tissues (Dco-EGs) were categorized at
different significant p-value thresholds to identify biomarkers with
prognostic significance (Fig. 3E). At a stringent threshold of p-value

< 0.001, we identified key Dco-EG markers including ZG16 and OLR1
(Fig. 3E) which were differentially expressed in Group 1 (Fig. 3F) and in
the three myeloid cell types (Fig. 3G). ZG16 was higher in the normal
tissues, but lower in the tumor tissues, while OLR1 showed an opposite
trend. These two genes deserve further studies due to their potential
roles in tumor immunity [26,33,34].
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Fig. 2. Single-cell RNAseq analysis of the myeloid cell lineage. A-B, UMAPS showing clustering of myeloid cell types (A) in the normal and tumor colon tissues (B). C,
Bar graph showing the proportion of normal and tumor tissue transcriptional expression counts of each myeloid cell type. D, The statistical assessment of the dif-
ferences in the proportion of each myeloid cell type between normal and tumor tissues. The red and cyan solid circles are representative images of single-cells in
either normal or tumor tissues. The differences with p-values < 0.05 estimated by Wilcoxon test (wilcox.test) were considered statistically significant.

Using TCGA bulk RNA data from a large cohort of CRC patients, we
confirmed that the Dco-EG OLR1 had a strong positive correlation with
TNFAIP8L2, while the Dco-EG ZG16 showed a weaker correlation
(Fig. 4A-D, Figs. S3A-B). Prognostic assessment revealed that high OLR1
expression was negatively associated with overall survival (OS) in pa-
tients (Fig. 4E), consistent with previous findings linking OLR1 to high-
grade malignancies and metastasis [26,34]. In contrast, high ZG16
expression was positively correlated with OS of patients, consistent with
reports that ZG16 overexpression inhibits PD-1 expression and enhances
anti-tumor immunity in CRC [26,34].

Functional enrichment analysis using the g:Profiler software (gpro-
filer2 package) [35] revealed that the Dco-EGs were enriched in gene
ontological (GO) terms related to cell motility, leukocyte chemotaxis,
and regulation of locomotion (Fig. 5A). Interestingly, they could also be
linked to other pathways including signaling by interleukins, cytokine
signaling in the immune system, and pathways related to rheumatoid
arthritis. Upregulated Dco-EGs were associated with biological pro-
cesses (BP) related to chemotaxis (Fig. 5B), indicating that these path-
ways were selectively activated to favor immune evasion mechanisms in
colon cancer. In contrast, downregulated Dco-EGs were linked to anti-
gen processing and presentation via MHC class II (Fig. 5C), suggesting
their suppression to favor tumor progression.

Pathway RespOnsive GENes (PROGENy) analysis [36] of the three
myeloid cell types "Macrophages,” "Cycling Macro,” and "cDCs,”
revealed differential regulation of signaling pathways. Macrophages
upregulated p53-related pathways, while cycling macrophages and

dendritic cells exhibited significant upregulation of MAPK signaling
pathways (Fig. S4). These findings suggest that TNFAIP8L2 and its
co-expressed genes, such as OLR1 and PD1 may collaborate to modulate
immune escape through tumor suppressor genes such as p53.

2.4. Analyses of bulk RNA sequencing data confirmed TNFAIP8L2 co-
expressed gene patterns in CRC

To further validate our findings, we analyzed TCGA bulk RNA
expression data from a large cohort of CRC patients, focusing on the co-
expression patterns of TNFAIP8L2 with particular emphasis on OLR1
and ZG16. Given the importance of immune checkpoints in cancer
therapy, we also investigated the correlations between TNFAIP8L2, the
Dco-EGs and several immune checkpoint markers.

Using the OncoDB database, we observed an insignificant negative
correlation between ZG16 and PD-1 (CD274) (Fig. S5A). Despite the lack
of statistical insignificance, this negative relationship is consistent with
previous studies showing that ZG16 counteracts PD-1-mediated immune
suppression [26]. In contrast, OLRI was not only positively correlated
with TNFAIP8L2 but also strongly correlated with PD-1 (Fig. S5B),
suggesting a potential cooperative role in immune evasion.

TNFAIPSL2 exhibited a high degree of similarity with PD-1
(Fig. S5C), CD28 (Fig. S5D) and CD8A (Fig. S5E). However, no signifi-
cant correlation was observed between TNFAIPS8L2 and ICOSLG
(Fig. S5F). Additionally, TNFAIP8SL2 showed a positive correlation with
immunosuppressive CD4 +CD25 + Treg cell markers, such as FOXP3
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Fig. 3. Deconvolution analysis of TNFAIP8L2 co-expression modules. A-B, violin plots illustrating the average expression levels of TNFAIPSL2 in different myeloid
cell types, which were high in macrophages, cDCs and cycling macrophages. C, Two groups of myeloid cell types annotated based on the expression of TNFAIP8L2
with group 1 expressing TNFAIPSL2 (total n cells = 19,501 with 1334 in normal tissues and 18,167 in tumor tissues) and group 2 not expressing TNFAIP8L2 (total n
cells = 15,428 with 876 and 14,552 in normal and tumor tissues, respectively). D, The average expression level of TNFAIPSL2 is statistically different between normal
and tumor tissues for group 1 cells. E, Volcano plot depicting TNFAIP8L2 co-expressed genes in normal and tumor tissues. Three different p-value thresholds (p-values
< 0.05, 0.01, and 0.001) were used to show the three different categories of co-expressed genes patterns, differentially expressed between normal and tumor tissues.
F-G, violin plots depicting the average expressions of the selected DEGs (ZG16 and OLR1) co-expressed with TNFAIP8L2 in 19,501 group 1 cells (F) or among the

three myeloid cell types, respectively (G). N, normal tissues; T, tumor tissues. Student t-test was used to analyze the difference in the gene expression levels in B, D, F
and G.
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Fig. 4. Correlation and prognostic analysis of the selected co-expressions. A-B, Boxplots for the bulk RNA expression data of the selected TNFAIP8L2 differentially co-
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E-F, Kaplan-Meier plots elaborating the extent of the overall survival of patients at high or low expressions of the tested genes OLR1 (E) and ZG16 (F).

(r=0.724, p = 2.47 x10"-51) and CTLA4 (r = 0.625, p = 9.05 x10"-
35) (Figs. S5G and H). This finding suggests a potential cooperative
relationship between TNFAIP8L2 and Treg cells in mediating immuno-
suppression within the CRC TME by promoting the stability or func-
tional activity of Tregs [30].

Our findings suggest a potential new immune evasion strategy in
colon cancer, where the TNFAIP8L2 and its co-expressed genes may
synergize with immune checkpoints to exert a stronger collective effect
on tumor progression than their individual contributions alone. This
cooperative interaction warrants further investigation to uncover the
underlying mechanisms driving CRC progression.

We assessed correlations between TNFAIPSL2, its co-expressed
genes, and immune checkpoints using multiple databases (including
GEPIA2 and OncoDB). The observed variations in correlation strengths
(Fig. 4C-D, Supplementary Figs. S2A-B) may stem from differences in
analytical methodologies and patient cohort characteristics.

3. Discussion
3.1. TNFAIPSL2 and human colorectal cancer
Colorectal cancer remains a significant global health burden [2,37],

with immune evasion playing a central role in its progression and
resistance to therapy [1]. Despite the clinical successes of immune

checkpoint therapies, their efficacy have still been limited particularly
in microsatellite stable CRC patients [38]. This underscores the urgent
need for identifying novel targets within the tumor microenvironment
(TME) that can enhance anti-tumor immune responses, especially in
combination with existing immunotherapeutic strategies.

In this study, we identified TNFAIP8L2 as a potential crucial regu-
lator of immune evasion in the CRC TME. As a member of the TNFAIP8
family, TNFAIPSL2 has been associated with immune homeostasis and
cancer progression [19,20], but its role in human CRC has remained
poorly understood. Our findings reveal a positive correlation between
TNFAIPSL2 expression and markers of regulatory T cells (Tregs) such as
FOXP3 and CTLA4 - pivotal mediators of immune suppression in CRC
[39-41]. We hypothesize that TNFAIP8L2 cooperates with, or enhances,
their activity to sustain an immunosuppressive  tumor
microenvironment.

Notably, it was first demonstrated previously that TNFAIPSL2
(TIPE2) is highly expressed in CD4 +CD25 + Tregs and essential for
their immunosuppressive capacity, as TNFAIP8L2-deficient Tregs
exhibit impaired suppression of effector T-cell proliferation [30]. While
their study did not examine molecular mechanisms linking TNFAIPSL2
to specific Treg markers, we propose that TNFAIPSL2 may potentiate
FOXP3 expression-a master regulator of Treg differentiation and sup-
pressive function through: (1) Modulation of PI3K/Akt signaling, which
directly controls FOXP3 transcription via mTOR-dependent pathways
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Fig. 5. Functional enrichment assessment of TNFAIP8L2 co-expression patterns. A, Manhattan dot plot describing the enriched biological processes associated with
TNFAIP8L2 co-expression patterns. TNFAIP8L2 co-expressions referred to those co-expressed genes that were differentially expressed between normal and tumor
tissues (i.e Dco-Egs) at p-value < 0.05, and |log2FC= > 0.5. Some of the selected GO terms, Reactome and KEGG pathways are indicated in the accompanied table,
below plot A. B-C, Histogram plots depicting the specific pathways that might be associated with the upregulated (B) or downregulated Dco-Egs (C). P-adjusted values
< 0.05 were considered to rule in the significantly enriched pathways, with the red to blue color at the scale bar indicating high to low degree of significance.

[42]; or (2) regulation of NF-kB activity, which transactivates the FOXP3
promoter [43,44]. Intriguingly, TNFAIP8L2 has also been shown to
impair autolysosome reformation by disrupting the RACI-MTORC1 axis
[45], a process that may paradoxically stabilize Treg function in the
TME by limiting excessive autophagy-driven turnover of immunosup-
pressive proteins.

While TNFAIPSL2 enhances Treg activity in CRC, its role appears
context-dependent. For instance, in dendritic cells (DCs) of the gut
mucosa, TNFAIP8L2 suppresses the induction of peripheral Tregs
(pTregs) [46], suggesting tissue-specific regulation of immune toler-
ance. In contrast, within the CRC TME, TNFAIPSL2 likely cooperates

with resident Tregs to sustain immunosuppression, potentially by syn-
ergizing with CTLA4 to amplify checkpoint activity or by enhancing
Treg survival via anti-apoptotic pathways (e.g., Bcl-2 upregulation).

This cooperative relationship extends the findings of Luan et al.
(2011) by identifying potential mechanistic links between TNFAIP8L2
and Treg molecular programs in CRC. The data align with the broader
roles of PI3K/Akt signaling in cancer progression [47] and TNFAIP8
family proteins in immune modulation, including their regulation of
inflammatory pathways, T cell survival, and immunosuppressive niche
formation [48-51]. TNFAIP8L2 is thus positioned as a multifaceted
regulator of immunosuppressive niches.
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Our findings reveal that TNFAIP8L2 is highly expressed in myeloid
cell populations, particularly macrophages and dendritic cells, sug-
gesting its involvement in shaping an immunosuppressive TME. Func-
tional enrichment analyses indicated that genes co-expressed with
TNFAIP8L2 were enriched in critical pathways such as p53 signaling,
leukocyte chemotaxis, and cytokine signaling, all of which are integral
to immune regulation and tumor progression [36].

The differential regulation of these pathways among myeloid cell
subsets specifically the enhanced expression of tumor-associated path-
ways like p53 and JAK-STAT in macrophages compared to conventional
dendritic cells (cDCs) aligns with previous findings that myeloid cells
exhibit a dual role in cancer, supporting or inhibiting anti-tumor im-
munity depending on their polarization and interactions within the TME
[52].

3.2. The TNFAIPSL2-OLR1-PD-L1 axis: a potential therapeutic target

In this study, we identified significant co-expression patterns of
TNFAIPSL2 with pivotal immune regulators such as OLR1, PDL1, and
ZG16. OLR1, known for its association with metastasis and poor prog-
nosis [25], exhibited a positive correlation with TNFAIP8L2, suggesting
a collaborative role in tumor progression. Conversely, ZG16, recognized
for its anti-tumor properties [26], displayed an inverse relationship with
TNFAIP8L2, indicating its potential to counteract the immune evasion
facilitated by TNFAIP8L2. Together, these results underscore the intri-
cate immune regulatory landscape in CRC, positioning TNFAIPSL2 as a
central node in a network of immune checkpoint interactions.

One striking revelation is the identification of the TNFAIP8L2-OLR1-
PDL1 axis as a potential driver of immune evasion in CRC. The observed
positive correlation among TNFAIP8L2, OLR1, and PDL1 suggests that
these genes may function synergistically to suppress anti-tumor immu-
nity. OLR1’s role in promoting both metastasis and immune suppression
may amplify the immunosuppressive effects conferred by TNFAIP8L2
and PDL1, particularly relevant for MSS CRC patients who often present
resistance to therapies targeting PD-1 and PD-L1 [38]. Targeting this
TNFAIPSL2-OLR1-PDL1 axis may therefore represent a novel therapeutic
strategy for overcoming immune evasion in CRC. Approaches such as
small-molecule inhibitors or gene-editing technologies like
CRISPR-Cas9 could be employed to disrupt the function of TNFAIPSL2 or
OLR1. Hence, combination therapies aimed at concurrently inhibiting
TNFAIP8L2 and PDL1, OLR1 and PDL1, or TNFAIP8L2, OLR1, and PDL1
may enhance the effectiveness of existing immunotherapies, which
might offer promising benefits for MSS CRC patients facing limited
treatment efficacy with current immunotherapies [38].

3.3. ZG16 as a counterbalance to immune evasion

In contrast to the pro-tumor effects of TNFAIPS8L2 and OLRI1, our
findings highlight the protective role of ZG16 in CRC. ZG16, identified as
an anti-tumor gene, was found to be downregulated in tumor tissue and
inversely correlated with TNFAIPSL2 and PDL1 expression. Patients
exhibiting high ZG16 expression demonstrated improved overall sur-
vival. The low or rather inverse correlations between ZG16 and other
markers suggests that ZG16 may counteract immune evasion mecha-
nisms driven by TNFAIP8L2, OLR1, and PDL1. These findings align with
prior research indicating that ZG16 inhibits PD-1 expression and en-
hances anti-tumor immunity in CRC [26,34].

Given its therapeutic potential, further exploration of ZG16 is war-
ranted. Strategies aimed at upregulating ZG16 expression such as gene
therapy or pharmacological interventions could offer a novel approach
to enhance anti-tumor immunity in CRC. Additionally, ZG16 may serve
as a biomarker to identify patients more likely to respond to immuno-
therapy, enabling personalized treatment strategies [26,34].
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3.4. Limitations and future directions

While our study provides valuable insights into the potential role of
TNFAIP8L2 in CRC immune evasion, several limitations must be
acknowledged. First, the functional mechanisms underlying
TNFAIP8L2’s interactions with co-expressed genes such as OLR1 and PD-
L1 remain to be fully elucidated. Future studies should employ experi-
mental approaches, such as gene knockout or knockdown models, to
validate these interactions and explore the functional consequences.

Second, the clinical relevance of TNFAIP8L2 expression and its co-
expression patterns needs to be validated in larger patient cohorts,
particularly across different CRC subtypes. This will help determine
whether the TNFAIP8L2-OLRI-PDL1 axis can serve as a reliable
biomarker for predicting patient outcomes or guiding treatment
decisions.

Finally, the integration of multi-omics data, including proteomics
and epigenomics, could provide a more comprehensive understanding of
TNFAIP8L2-OLR1-PDL1’s role in CRC progression and immune evasion.
For example, proteomic analysis could reveal post-translational modi-
fications of TNFAIPSL2 that regulate its function, while epigenomic
studies could identify upstream regulators of TNFAIP8L2 expression.

3.5. Conclusion

Our study establishes TNFAIP8L2 (TIPE2) as a critical immune
checkpoint in myeloid cells, corroborating and expanding upon previous
reports. We delineate the TNFAIPS8L2-OLR1-PDL1 axis as a therapeuti-
cally targetable pathway, particularly for microsatellite-stable (MSS)
CRC patients who exhibit poor response to current immunotherapies.
Additionally, ZG16 known with its anti-tumor effects exhibits low cor-
relation with TNFAIP8L2, suggesting a potential compensatory role in
mitigating TNFAIP8L2-mediated immune suppression. Our compre-
hensive computational analyses unraveled key interactions within
CRC’s immune microenvironment, offering a translational roadmap for
precision immunotherapy. Future investigations should focus on: (1)
Functional validation of this axis in preclinical CRC models, (2) mech-
anistic studies to elucidate how ZG16 counterbalances TNFAIPSL2, and
(3) therapeutic development targeting the TNFAIP8L2-OLR1-PD-L1
pathway to overcome immunotherapy resistance.

4. Materials and methods
4.1. Study design

The primary objective of this study was to identify potential mech-
anisms by which cancer cells evade anti-tumor immune responses, with
a focus on the role of TNFAIPSL2 in CRC. To achieve this, we employed
computational methodologies to analyze publicly available single-cell
and bulk RNA sequencing datasets focusing on CRC. Our analytical
framework was designed to delineate the co-expression patterns and
interrelationships of key cancer markers, with particular emphasis on
TNFAIPSL2.

TNFAIP8L2, also known as TIPE2, is a member of the TIPE family of
proteins, which also includes TIPE (TNFAIPSL), TIPE1 (TNFAIPSL1),
and TIPE3 (TNFAIP8L3). TNFAIP8L2 was selected for detailed investi-
gation due to its multifaceted biological significance, including its
crucial roles in maintaining immune homeostasis, influencing cellular
polarization, and orchestrating chemotaxis during tumorigenesis.
Moreover, TNFAIP8L2 has been recognized as a marker for both tumor
suppression and tumor propagation, underscoring its complex function
within the oncogenic milieu.

4.2. Data acquisition

For this study, we curated single-cell RNA expression matrices from a
cohort of 62 patients diagnosed with colon cancer [53], sourced from
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the Gene Expression Omnibus (GEO) database of the National Center for
Biotechnology Information (NCBI). Additionally, bulk RNA sequencing
data from human colon cancer patients were obtained from The Cancer
Genome Atlas (TCGA) via the OncoDB and GEPIA2 databases.

4.3. Single-cell RNA analysis and quality control

The gene expression matrix, which included integrated tumor and
adjusted non-cancerous tissues from 62 patients [53], was processed in
R software (versions 4.3.1, 4.3.2 and 4.4.0; R Core Team, 2023) (https://
www.R-project.org/) and the Seurat R package (version 5.0.1) [54]. To
ensure the robustness of our clustering analysis, we employed stringent
quality control measures to filter out low-quality cells and genes. Cells
with fewer than 200 genes and genes expressed in fewer than three cells
were systematically excluded. This step helped reduce noise and
redundancy in the dataset, ensuring that only high-quality data were
used for downstream clustering. Subsequently, Gene expression counts
were normalized using the NormalizeData function with default pa-
rameters. Next, we identified the highly variable genes using the Find-
VariableFeature function in Seurat, which selects genes that exhibit the
most significant variation across cells. By focusing on these highly var-
iable genes, we minimized the impact of redundant genes with over-
lapping expression patterns, thereby improving the resolution and
biological relevance of the clustering results. To streamline the dataset
and mitigate complexity, gene counts were scaled with ScaleData.

4.4. Dimensionality reduction and clustering

Dimensionality reduction was performed using principal component
analysis (PCA), a widely used technique for reducing the complexity of
high-dimensional scRNA-seq data. The number of principal components
(PCs) to retain was determined using the ElbowPlot method, which
identifies the inflection point where the explained variance begins to
plateau. In our analysis, the top 20 PCs were selected as they captured
the majority of the variance in the dataset while minimizing noise
(Fig. S7). The use of PCA further reduced redundancy by summarizing
the shared variation among genes, ensuring that the clustering algo-
rithm focused on the most biologically meaningful signals. This
approach ensures consistency across different settings of clustering
outcomes.

Clustering was performed using the ‘FindNeighbors’ and ‘FindClus-
ters’ functions, with the Louvain algorithm optimizing modularity. The
resulting clusters were visualized using UMAP, a nonlinear dimension-
ality reduction technique that preserves both local and global structures
in the data. This approach also allows to minimize the impact of
redundancy on clustering outcomes and therefore the clusters we
identified were biologically meaningful. The clusters were then anno-
tated to their respective cell types based on canonical markers as
described [54].

4.5. Co-expression analysis and functional enrichment

To unravel the co-expression patterns of TNFAIP8L2, we performed a
series of analyses focusing on myeloid cell populations. First, the VInPlot
function in R was used to visualize myeloid cell subtypes expressing
TNFAIP8L2. Cells expressing TNFAIP8L2 were categorized as Group 1,
while those without TNFAIP8L2 expression were designated as Group 2.
Genes expressed in Group 1 cells were labeled as TNFAIP8L2 co-
expressed genes, as they were co-expressed within the same cells. It
should be noted that “self-interactions”, defined as interactions between
two or more copies of the protein that can interact with each other
expressed by one gene, were explicitly excluded from the co-expression
analysis since we focused on genes without multiple copies (see Quality
Control) and that the results explicitly reflected genuine connections
between TNFAIP8L2 and other genes.

Comparative transcriptomic analysis

between TNFAIP8L2-
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expressing cells in normal and tumor tissues was performed using the
FindMarkers function in Seurat with default settings to identify differ-
entially co-expressed genes (Dco-EGs). Differential gene expression was
visualized using volcano plots, and the identified Dco-EGs were evalu-
ated for their associations with diagnostic, prognostic, and clinical pa-
rameters using large cohorts of CRC patients from TCGA.

Prognostic assessments were conducted using univariate Cox
regression models and Kaplan-Meier survival curves to evaluate overall
survival outcomes. The selected prognostic Dco-EGs along with
TNFAIP8L2 were analyzed for correlations with well-known immune
checkpoints using the OncoDB [55] and GEPIA2 databases [56].

Functional enrichment analysis of the Dco-EGs was performed using
the g:Profiler (gprofiler2 package) [35], which identified enriched GO
terms, Reactome pathways, and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathways. Significantly enriched terms and pathways
were identified using a Bonferroni-corrected p-value threshold of
< 0.05. Additionally, the cell types within Group 1 (TNFAIP8L2-ex-
pressing cells) were analyzed for their association with cancer-related
regulatory pathways using the PROGENy tool [36].

4.6. Statistical analyses

Statistical analyses were performed to elucidate the patterns of
TNFAIP8L2 co-expression within single-cell gene expression data. The
Seurat package (version 5.0.1) in R was used for clustering and visual-
ization analyses. The differentially expressed genes were statistically
tested using the MAST statistical test, and p-values were adjusted for
multiple testing using the Bonferroni correction. The differences in the
proportion of cells between normal and tumor tissues were evaluated
using the Wilcoxon test (wilcox.test), while student t-test (t.test) was
used to analyze the differences in the gene expression levels between
normal and tumor tissues in Fig. 3B, D, F and G. Overall survival was
calculated by means of the Kaplan-Meier method.
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