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ABSTRACT

Commensal bacteria play a crucial role in modulating human immune responses in the 
intestine. Under homeostatic conditions, the gut microbiota is tightly regulated by 
interactions with the mucosal immune system. However, colorectal cancer (CRC) is 
characterized by an imbalance in bacterial composition and bacterial translocation 
across the intestinal barrier. The spatial distribution of bacteria and their interactions 
with immune cells in CRC tumors are poorly understood. By applying 3D light-sheet 
imaging, spatial transcriptomics, and imaging mass cytometry to patient-derived CRC 
and adjacent intestinal tissue, bacterial lipopolysaccharide (LPS) can be visualized 
alongside immune cells and vessels. The results showed regional bacterial LPS accumu
lation and colocalization with distinct immune cell subsets. In CRC-adjacent tissue, 
bacterial LPS is mainly associated with CD11c+ dendritic cells, CD15+ neutrophils, and 
CD163+ macrophages. In matched CRC tissue, the number and LPS colocalization of 
CD163+ macrophages and CD11c+ dendritic cells decreased, while CD15+ neutrophils 
and their colocalization with LPS increased. Notably, immune cell composition and 
immune cell‒bacteria interactions differ between tumors and adjacent tissue, offering 
insights into host‒microbiota dynamics and mechanistic interactions.
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Introduction

The human gut microbiome, as well as intra-tumoral bacteria, are pivotal in the development and 
progression of cancer.1-7 Microbiota‒immune cell interactions in the intestine require both tolerance 
for commensal bacteria and defense mechanisms against harmful pathogens. Under homeostatic condi
tions, several defense mechanisms control and compartmentalize the gut bacteria to the mucus layer that 
covers the intestinal epithelium.8 In addition to epithelial and mucosal barriers, both innate and adaptive 
immune mechanisms contribute to the regulation of the microbial composition. For instance, dendritic 
cells (DCs) continuously sample and present bacterial antigens to stimulate antigen-specific T cell 
responses. Goblet cells in the epithelium can transcytose gut luminal contents, including bacterial antigens, 
resulting in T cell-mediated antigen-specific tolerance.9 In contrast, B-/plasma cells contribute to intestinal 
homeostasis through the production of secretory IgA.10

However, in cancer patients, the gut microbiome is frequently characterized by alterations in bacterial 
composition and function.11 These alterations impact the gut barrier and immune cell responses.11-13

Furthermore, certain bacterial species were found in particularly large numbers within the colorectal cancer 
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(CRC) tissue.3,14,15 Though it remains unclear how bacteria infiltrate cancerous tissues, some reports suggest that 
the CRC-associated bacterium, Fusobacterium nucleatum, can translocate via a hematological route to the 
CRC tumors.16,17 Particularly in CRC, an apparent origin of bacteria detectable within the tumor micro
environment (TME) is the gut lumen, from where bacterial translocation likely originates.18 Alterations in the 
TME and disruption of the epithelial and mucosal barrier, as typically found in CRC, may favor the enrichment 
of selected bacteria at tumor sites.19 Of note, both pro-tumorigenic and anti-tumorigenic effects of bacteria have 
been shown in animal models and human studies.5,20,21 However, the specific bacteria-immune interactions in 
tumor and tumor-adjacent tissue, as well as the spatial location of bacteria in tumors, are not well characterized. 
Bacteria have been described mainly intracellularly in cancer cells and immune cells within tumor tissue, but also 
extracellularly in cancer tissue of various tumor types.22-25 In CRC, bacteria have been detected within epithelial 
cells at the primary tumor site and the metastatic liver lesion.3,25 Furthermore, biofilm formations, i.e., large 
aggregates of bacteria, have been found in the unaffected adjacent colon as well as in the CRC tissue.3,26-28 In our 
present study, we analyzed paired CRC tissue and adjacent intestinal tissue from the same patient. We focused 
on bacterial lipopolysaccharide (LPS) as a general marker for gram-negative bacteria, such as Fusobacterium 
nucleatum or Bacteroides fragilis, to assess localized alterations in microbiota‒immune interactions in patients 
with CRC. A better characterization and particularly understanding of bacterial–immune cell interactions in 
patient-derived tissue will not only help to improve our understanding of the regions populated by bacteria in 
CRC tumors, but also provide important insights into the mechanistic effects of bacteria on CRC pathogenesis, 
which in turn could contribute to our understanding of bacteria-based cancer therapies.

Results

3D imaging demonstrates aggregates of bacterial LPS and colocalization with immune cells in CRC 
tissue

To obtain a global overview of bacterial and immune cell localization within the CRC-adjacent intestinal tissue 
and the CRC tissue, we applied organic solvent-based tissue clearing and immunolabeling to approximately 
5 mm³-sized patient-derived tissue samples. We applied bacterial LPS as a marker for gram-negative bacteria, 
CD45 as a general immune cell marker, and PVALP as a marker for the vasculature. In total, six patients with 
CRC were included in the analysis, comprising six CRC-adjacent intestinal tissue samples and five matched CRC 
samples from the same patients (patient details are described in Table S1). In the CRC-adjacent intestinal tissue, 
bacterial LPS was detected mainly in the epithelial cell layer, likely deriving from bacteria-rich mucus remnants 
(Figure 1A, S1, S2A, B, Suppl. Video 1). Additionally, in 3/6 CRC-adjacent intestinal tissue samples, we observed 
bacterial LPS translocation into subepithelial/submucosal layers (Figure S1). In contrast, in CRC tissues, we 
observed selective regions of LPS, indicative of bacterial abundance, rather than an even distribution across the 
whole tissue (Figure 1B, S3A, B, Suppl. Video 2). The comparison between the matched CRC tissues and the 
CRC-adjacent intestinal tissues revealed an increase in bacterial LPS concentration per volume (mm3) in 4/5 
CRC tissues (Figure 1C). However, the extent of increase varied substantially between patients, indicating high 
inter-patient variability in LPS accumulation. Notably, only a few of the bacterial LPS signals colocalized with 
blood vessels (Figure 1D). The mean colocalization of bacterial LPS with PVALP, indicative of blood vessels, was 
0.3 ± 0.05% SD in CRC tissue and slightly lower (0.2 ± 0.07% SD) in CRC-adjacent intestinal tissue. Additionally, 
our results indicated a higher number of blood vessels per mm³ in the tumor tissue (5817 ± 2839 SD) than in the 
CRC-adjacent intestinal tissues (2602 ± 1163 SD) (Figure S4A, B). Across all samples, we obtained high 
percentages of colocalization of bacterial LPS with CD45+ immune cells (Figure 1E, Figure S4C, D). The 
mean of LPS–CD45 colocalization was 90% in CRC-adjacent intestinal tissue samples and 80% in CRC tissue 
samples. Overall, our 3D staining revealed an increase in bacterial LPS within the CRC tissue, co-localizing with 
immune cells.

Spatial transcriptomics analysis detects inflamed epithelial cells as increased in paired CRC tissue 
compared to adjacent intestinal tissue

To gain an overview of the immune cell landscape in CRC tissue and paired adjacent intestinal tissue from 
the same patients, we next applied spatial transcriptomics to tissues from three patients with CRC 
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(Figure S5A shows histopathological staining (H&E) of these patients). We detected 10 different cluster cell 
types within the spatial transcriptomics data of both CRC-adjacent intestinal tissue and CRC tissue 
(Figure 2A, B, C, Figure S5B) for the genes expressed within these cell clusters. Particularly, an increased 
number of cells related to the cluster of inflamed epithelial cells was detected in CRC tissue compared to 
CRC-adjacent intestinal tissue. This cluster of cells expressed a few epithelial cell markers, but additionally 
several neutrophil-associated markers, such as S100A8 and S100A9, IL1B and MMP9, together with the 
neutrophil-recruiting chemokine CXCL8. Such clusters have been described previously in intestinal 
tissue.29 In addition, CRC tissue samples exhibited a higher abundance of macrophages compared to 
their matched CRC-adjacent intestinal tissues.

Imaging mass cytometry detects a decrease in antigen-presenting cells, accompanied by an 
increase in neutrophils in CRC tissue compared to adjacent tissue

To understand which immune cells are interacting with bacterial LPS in CRC-adjacent intestinal tissue and 
in CRC tissue, we applied imaging mass cytometry (IMC) using a panel with 31 different immune cell 
markers as well as bacterial LPS (Suppl. Table S2). Two regions (each 600 µm × 600 µm) per CRC-adjacent 
intestinal tissue (Figure 2D, E) as well as CRC tissue (Figure 2F, G) from nine patients, including the 
patients with CRC studied above, were analyzed (patient details can be found in Suppl. Table S1 and H&E 

Figure 1. Global overview of bacteria-immune cell interactions in CRC-adjacent intestinal tissue and CRC tissue using 3D 
histology. (A) Volume rendering of the vasculature (PVALP), immune cells (CD45), and bacterial lipopolysaccharide (LPS) in 
CRC-adjacent intestinal tissue and with zoom-ins (white boxes)(B) Volume rendering of CRC tissue stained with the same 
markers as described in (A), with zoom-ins (white boxes) . (C) Violin plot presenting the ratio of detected bacterial LPS per 
mm³ in CRC-adjacent intestinal tissue (orange) and CRC tissue (violet). Lines connect the CRC-adjacent intestinal tissue and 
the CRC tissue from the same patient. (D, E) Percentage of bacterial LPS colocalized (coloc.) with the vasculature (D) and 
immune cells (E) in CRC-adjacent intestinal tissue(orange) and CRC tissue (violet). Boxes represent the interquartile range, 
with the median indicated by a horizontal line. n = 6 CRC-adjacent intestinal tissue samples and n = 5 matched tumor 
samples.
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Figure 2. Immune cell types were defined in 5 µm CRC-adjacent intestinal tissue and CRC tissue. (A) Representative H&E 
staining and spatial annotation of 10 cell types detected in 3 CRC-adjacent intestinal tissue and (B) matched CRC sections 
using spatial transcriptomics. (C) UMAP plot showing the distributions of 10 distinct cell types from (I) all CRC-adjacent 
intestinal tissue and (II) CRC samples detected in spatial transcriptomics. (D): Representative imaging mass cytometry (IMC) 
image of 10 different cell types in CRC-adjacent intestinal tissue, and (E): respective UMAP showing cell type clustering. (F): 
Representative IMC image of cell types in CRC, and (G): Respective UMAP representing clustering of cell types. (H): Stacked 
bar plots represent the mean of cell type proportions across all patients (n = 9 CRC and CRC-adjacent intestinal tissue). 
Data for each biological replicate represents the average of two technical replicates (images) per patient. Statistical 
significance was determined via a paired Wilcoxon signed-rank test on patient-averaged proportions, with p-values 
adjusted for multiple comparisons using the Benjamini‒Hochberg method.
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staining of tissue samples are displayed in Supplementary Figure S6). The mean cell count per image 
was lower in the CRC-adjacent intestinal tissue samples (2447 ± 321 SD) than in tumor samples 
(3140 ± 703 SD) (Figure S7A). Overall, 44,053 cells were identified in all adjacent tissues and 56522 cells 
in all CRC tissues (Figure S7B). To define the cell types in CRC-adjacent intestinal tissues and CRC tissues, 
we applied an unsupervised clustering approach using FlowSOM, determining cell types based on similar 
marker expression levels found within a cluster of cells (Suppl. Table S3, Figures S8, S9). The frequencies of 
cell types from each of the two regions scanned per patient and tissue are visualized for CRC-adjacent 
tissue and CRC tissue in Supplementary Figure S10A and B, respectively (Figure S10A). The most 
abundant cell populations were epithelial cells in both CRC-adjacent intestinal tissues and CRC tissues, 
with average 36.8% ± 1.12 SEM and 48.2% ± 8.1 SEM, respectively (Figure 2H, Figure S10A). There were 
comparable frequencies of CD68+ macrophages (9.7 ± 0.9% SEM and 10.3 ± 1.69% SEM), CD4+ T cells 
(1.7 ± 0.4% SEM and 2.2 ± 0.3% SEM), and CD8+ T cells (2.1 ± 0.5% and 3.7 ± 1.02% SEM) in both CRC- 
adjacent intestinal tissues and CRC tissues. Additionally, we detected a distinct CD68+ macrophage 
population, which was positive for CD163. CD163 is a plasma membrane glycoprotein and member of 
the scavenger receptor cysteine-rich (SRCR) superfamily class B, which is highly expressed in tissue- 
resident macrophages.30 Here, the CD163+ macrophage population was significantly more abundant in 
CRC-adjacent intestinal tissue (3.6 ± 0.8%SEM) compared to CRC tissue (0.5v%0.1 SEM). CD20+ B cells 
were decreased in CRC tissue (0.4% ± 0.1 SEM) compared to CRC-adjacent intestinal tissue (4.3% ± 2.1 
SEM), and similarly, αSMA+ and CD31+ stroma cells were found at a significantly lower ratio in CRC 
tissue (22.8% ± 4.1) than in CRC-adjacent intestinal tissue (37.2% ± 2.2 SEM). CD11c+ dendritic cells 
(1.6% ± 0.4 SEM) were the least abundant cell type in CRC-adjacent intestinal tissue. Notably, there were 
too few CD11c+ dendritic cells in the CRC tissue to form such a cluster cell type, resulting in the absence 
of this cell type in the CRC tissue based on these specific markers used in IMC. In contrast, CD15+ 
neutrophils were significantly increased in CRC (7.7% ± 1.8 SEM) compared to CRC adjacent intestinal 
tissue (0.6% ± 0.1 SEM). Interestingly, these neutrophils additionally expressed Granzyme B. Confirming 
our findings, our spatial transcriptomics and IMC data revealed overlapping cell populations, with B cells, 
epithelial cells, and inflamed epithelium showing consistent trends across both approaches, even though 
additional cell types were uniquely detected by each method (Figures S11A and S11B).

Distinct bacterial LPS-immune cell crosstalk in CRC-adjacent intestinal tissue compared to CRC 
tissue

Having identified the cell types in the CRC-adjacent intestinal and CRC tissues, we next investigated 
potential interactions between distinct human host cell types and bacterial LPS. We defined a cell as 
associated with bacterial LPS (LPS+) if the expression of the bacterial LPS marker within a cell exceeded a 
90th percentile cutoff. Therefore, we chose a strict cutoff to minimize any potential background or 
overspill from different channels. Among the cells rated as associated with bacterial LPS, we observed a 
higher relative expression of activation markers, including CD25 in B cells, CD69 in CD4+ and CD8+ T 
cells, as well as CD163 in macrophages (Figure S12).

By IMC, we observed that LPS signals appeared as more isolated dot-like spots in the CRC-adjacent 
intestinal tissues, in contrast to a more diffuse signal in CRC tissues (Figure 3A, B).

To assess the distribution of LPS across CRC and CRC-adjacent intestinal tissue, we compared both the 
absolute abundance and the relative frequency of LPS+ cells in patient-matched samples (n = 9). We observed a 
significant difference (p-value = 0.003) between the relative number of LPS+ cells to all cells per patient in the 
CRC-adjacent intestinal tissue and the CRC tissue (Figure 3C). Interestingly, the absolute count of LPS+ cells 
per patient remained comparable between CRC and CRC-adjacent intestinal tissue (p-value = 0.16) (Figure S13). 
Subsequently, we investigated the relationship between the abundance of bacterial LPS+ cells and the ratio of 
immune cells (Figures 3D, S14B). Spearman's rank correlation of tumor samples revealed a positive relationship 
between the ratio of LPS+ cells and immune cells to all cells (rho = 0.75, p-value = 0.02), indicating a trend 
towards increased immune cell infiltration with a higher overall count of LPS+ immune cells in the CRC tissue. 
In contrast, this association was not observed in the CRC-adjacent intestinal tissue (rho = 0.15, p-value = 0.70), 
indicating a tumor-specific interaction. Interestingly, for the number of epithelial cells, we found an inverse 
relationship with the number of LPS+ cells (Figure S14A, C, D).
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Figure 3. Differences in LPS-associated cell types between paired CRC adjacent intestinal tissues and CRC using IMC. 
(A, B) Representative images of LPS expression and associated cell types in CRC-adjacent intestinal tissue (A) and CRC 
(B). (C) Violin plots showing the distribution of LPS⁺ cells in CRC-adjacent intestinal tissue (orange) and matched CRC 
(purple) from 9 patients. (D) Spearman rank correlation showing the relationship between immune cell infiltration and the 
LPS+ cell ratio. (E) Ratio of LPS⁺ cells per cell type cluster in CRC adjacent intestinal tissue and (F) CRC tissue. The 
Kruskal‒Wallis test followed by Dunn's post-hoc test with Benjamini‒Hochberg correction was used to determine 

(Caption on next page) 
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These findings suggest that higher proportions of LPS+ cells in CRC tumors may coincide with an 
increased immune cell infiltration into the CRC tissue. Finally, we assessed how frequently individual cell 
types were associated with bacterial LPS. Within the CRC-adjacent intestinal tissue, the majority of the 
dendritic cells were associated with bacterial LPS (74% ± 0.06 SEM) (Figure 3E). Similarly, on average, 
34% ± 0.08 SEM of all neutrophils and 35% ± 0.06 SEM of all CD163+ macrophages in CRC-adjacent 
intestinal tissue were LPS+. For these three cell types, the Kruskal–Wallis test showed significant differ
ences compared to other cell types. For the CRC tissue, the highest ratio of LPS+ cells per cell type was 
21% ± 0.1 SEM in CD163+ macrophages, 11% ± 0.02 SEM in CD15+ neutrophils, and 13% ± 0.02 SEM in 
epithelial cells (Figure 3F). Kruskal‒Wallis analysis did not show significant differences between any of the 
cell types within the CRC tissue.

Additionally, we investigated the cell type composition among all LPS+ cells in the CRC-adjacent 
intestinal tissue versus the CRC tissue to determine which immune cell types were the most represented 
among them. Among all LPS+ cells per image, the fraction of dendritic cells and CD163+ macrophages 
was higher in the CRC-adjacent intestinal tissue (Figure 3G) compared to the CRC tissue (Figure 3H). 
Additionally, a higher ratio of epithelial cells and neutrophils was detected among LPS+ cells per image in 
CRC compared to CRC-adjacent intestinal tissue. CD163+ macrophages, and CD11c+ dendritic cells 
differed significantly between LPS+ cells per image from CRC compared to the CRC-adjacent intestinal 
tissue.

To support our findings, we filtered and re-examined metagenomic data from the nine CRC patients 
analyzed in this study from our larger previously published dataset.18 CRC-adjacent intestinal tissue and 
CRC tissue samples from the same patients showed no significant differences in the overall composition of 
the bacterial genera (Figure S15A). However, we detected an increased abundance of the CRC-associated 
Fusobacterium nucleatum in the CRC tissue, which is in line with several previous findings, and this trend 
did not reach statistical significance in our study (Figure S15B). Notably, Lachnoclostridium sp. YL32 was 
the only species that showed a statistically significant difference in relative abundance between CRC and 
CRC-adjacent intestinal tissues (Figure S15C). This finding is consistent with previous reports indicating 
an enrichment of Lachnoclostridium sp. YL32 in patients with colorectal adenomas compared to healthy 
controls.31 Despite this taxonomic shift, the relative abundance of Lachnoclostridium sp. YL32 did not 
correlate significantly with the LPS levels detected by IMC (Figure S15D). Furthermore, we did not find a 
significant correlation between the total number of gram-positive or gram-negative species identified in 
the metagenomic dataset and the quantity of LPS detected by the IMC (Figure S16). Interestingly, however, 
selective species did show a correlation with IMC-detected LPS levels, including Anaerostipes caccae, 
Collinsella aerofaciens, and Lachrimispora saccharoltytica, along with six additional species in CRC- 
adjacent intestinal tissue, as well as Subdoligranulum variabile and Lachrimispora saccharoltytica in the 
CRC tissue (Figure S17).

A distinct spatial context of LPS+ -associated immune cells differentiates CRC-adjacent intestinal 
tissue from paired CRC tissue

We observed differences in the ratios of specific cell types in CRC tissue compared to CRC-adjacent 
intestinal tissue and, consequently, changes in bacterial LPS interactions with immune cells within CRC 
tissue. Next, we investigated the surrounding spatial context of cells associated with bacterial LPS in CRC- 
adjacent intestinal and CRC tissues. All cell types showed self-interactions, suggesting spatial clustering. 
Epithelial cells were compartmentalized in CRC-adjacent intestinal tissue and CRC tissue and were not 
found in spatial proximity to other cell types. In CRC-adjacent intestinal tissue, LPS+ CD15+ neutrophils 
were found in spatial proximity to LPS+ CD4+ T cells, LPS+ CD11c+ dendritic cells, and LPS+ CD163+ 

potential differences in the ratios of LPS+ cells among different cell types in CRC adjacent intestinal tissue and CRC. (G) A 
pie chart showing the ratio of each cell type within the LPS⁺ cell population in adjacent intestinal tissue, and (H) CRC 
tissue. Differences in the ratio of LPS+ cell types between CRC-adjacent intestinal tissue and CRC tissue were tested using 
the Wilcoxon signed-rank test for each cell type, with Bonferroni correction for multiple comparisons. Significant 
differences were considered at p < 0.05. ns = not significant (p > 0.05). Each data point represents the average of the 
two images analyzed per patient sample for paired CRC adjacent intestinal tissue and CRC tissue (n = 9), respectively.

GUT MICROBES 7



macrophages (Figure 4A). In CRC tissue, LPS+ CD15+ neutrophils were additionally located in close 
proximity to LPS+ CD8+ T cells and LPS+ and LPS- CD68+ macrophages and CD163+ macrophages. 
Additionally, LPS+ neutrophils suggest stronger spatial clustering in CRC tissue than in CRC-adjacent 
intestinal tissue.

LPS+ CD163+ macrophages were found in spatial proximity to LPS+ and LPS-CD4+ T cells and 
CD8+ T cells, as well as to LPS+ CD15+ neutrophils and LPS+ and LPS-CD68+ macrophages in CRC- 
adjacent intestinal tissue. In contrast, there was a lack of spatial proximity between LPS+ CD163+ 
macrophages and LPS+ and LPS-CD4+ and CD8+ T cells in CRC tissue (Figure 4B), but increased 
spatial proximity of LPS+ CD163+ to CD15+ neutrophils. However, the cellular proximity between LPS 
+ CD15+ neutrophils and LPS+ CD8+ and CD4+ T cells was less often found in CRC-adjacent intestinal 
tissue (Figure 4C, D) compared to CRC tissue (Figure 4C, E).

Overall, the main distinction of LPS+ cell proximity found between CRC-adjacent intestinal tissue and 
CRC tissue was the loss of spatial proximity of LPS+ CD163 macrophages and dendritic cells to T cells, 
while, in contrast, more frequent spatial proximity was found of LPS+ neutrophils to T cells in the CRC 
tissue.

Overall, we observed alterations in the composition of LPS–immune cells and in the spatial context, 
whereas no significant differences in bacterial profiles were detected between paired CRC and CRC- 
adjacent intestinal tissues.

Discussion

Our study provides evidence for shifts in the location of bacteria-derived LPS and bacteria‒immune cell 
interactions from the CRC-adjacent intestinal tissue to the paired CRC TME. Using 3D histology of 
cleared ~5 mm3 tissues, we showed that bacteria-derived LPS can be found translocated to the subepithe
lial/submucosal tissue, both in the tumor as well as in the CRC adjacent intestinal tissue. Regional 
abundance of bacterial LPS was characteristic of CRC tissue. Additionally, we observed an overall higher 
bacterial biomass per mm³ in the CRC tissue compared to the CRC-adjacent intestinal tissue. This finding 
is in line with recent data in which higher bacterial biomass was detected in CRC tissue compared to 
paired normal and healthy tissues.27,32 However, we did not detect a significantly higher amount of 
bacterial LPS in the CRC tissue in the IMC dataset, highlighting the heterogeneous distribution of bacteria- 
derived LPS in tumors. The localized patches of bacteria, as seen in our 3D imaging data, emphasize the 
importance of whole biopsy/tissue resection analysis for microbiome studies. Thus, standard 2D histology 
of 5 µm-thick FFPE sections might miss bacterial presence in tumor samples unless a multitude of serial 
sections are analyzed.

In the 3D histological data, we observed a high level of colocalization of bacterial LPS with immune 
cells. In line with these findings, we found a significant relationship between the number of immune cells 
infiltrating into tumor tissue and the number of LPS+ cells in CRC tissue using IMC. Interestingly, the 
number of epithelial cells showed an inverse relationship to the number of LPS+ cells, which is consistent 
with recent findings showing that bacteria-rich regions in CRC are characterized by reduced cancer 
epithelial cell density and proliferation.33

The investigation of immune cell types via spatial transcriptomics and IMC showed alterations in 
specific immune cell numbers in CRC tissue. First, CD11c⁺ dendritic cells are frequently associated with 
LPS in CRC-adjacent intestinal tissue; however, this specific dendritic cell subtype was not detected within 
tumor samples, which might be due to the impact of tumor-secreting factors on the development and 
numbers of this dendritic cell subtype within tumors.18 Furthermore, we observed a lower amount of 
CD163+ macrophages in tumor tissue compared to matched adjacent colon tissue, which is in line with 
findings in the literature.22 Interestingly, CD163+ expressing macrophages were found in higher numbers 
in inflamed tissue; for example, over-expression of CD163 was found in areas of active inflammation in 
IBD, and the expression of both CD163 RNA and protein was increased in IBD in comparison to normal 
controls.23 Here, we found that in the CRC-adjacent intestinal tissue samples, CD163+ macrophages were 
frequently associated with bacterial LPS. In line with this LPS+ association, CD163 can function as a 
macrophage receptor for bacteria, acting as an inducer of local inflammation during bacterial infection.24
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Figure 4. Differences in the spatial context of LPS-associated cells in CRC adjacent intestinal tissue and CRC tissue via 
IMC. (A, B) Heatmap of spatial proximity observed in 9 (A) CRC-adjacent intestinal tissue (B) and 9 CRC tissues, 2 images 
were analyzed per individual patient tissue. Each cell type in each row is significantly neighbored (red) or avoided (blue) 
by the cell type in each column. Significance was determined using permutation test (P < 0.01). (C) Chord diagram 

(Caption on next page) 
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Next, we observed that CD15+ neutrophils are already present at the CRC-adjacent intestinal barrier site, a 
cell type not prevalently found in colon tissue under homeostatic conditions.34 In fact, crosstalk with the 
commensal gut microbiota has been found to suppress neutrophil recruitment during intestinal health.35 The 
presence of neutrophils in the CRC-adjacent intestinal tissue could reflect an impaired gut barrier integrity.36 A 
weakened gut barrier might subsequently enable bacterial translocation to the underlying layers, as supported by 
our 3D histology data of CRC-adjacent intestinal tissue. In line with this, the PVALP protein visualized in our 
3D imaging dataset is also a marker of an impaired gut vascular barrier and was previously reported to be 
increasingly found in CRC and CRC-adjacent intestinal tissue, and not detected in healthy colon.12 Additionally, 
as seen in our study and supported by findings in the literature, neutrophils have been increasingly found within 
the CRC tissue.32 Interestingly, the neutrophil population identified in our IMC data set co-expresses granzyme 
B, which is consistent with a previous study where this cell type was detected in human colon tumors and rodent 
models.37 Lipid A analog, the lipid part of LPS, induced the release of granzyme B by these neutrophils, leading 
to tumor cell apoptosis.37 Hence, the CD15+ granzyme B-expressing cell subtype population might represent an 
anti-tumor population of neutrophils, suggesting a pro-inflammatory N1-like type.37 While we did not measure 
functional anti-tumor activity of neutrophils in this study, our spatial transcriptomics data also revealed that pro- 
inflammatory, activated neutrophil-associated genes were upregulated explicitly in CRC tissue, further support
ing an N1-like polarization of detected neutrophils in the CRC microenvironment.

In contrast, tumor-associated neutrophils might also induce the shielding of cytotoxic immune cells from 
tumors due to their neutrophil extracellular trap (NET) formation.20,38 In a recent study, immature CD66b+ cells, 
which are also used as a neutrophil marker, were found in immunosuppressive regions of CRC.15 Here, we see a 
higher association of CD15+ neutrophils with CD4+ T cells and CD8+ T cells in tumor tissue compared to the 
adjacent colon. Neutrophil interactions with T cells can lead to both suppression and apoptosis as well as 
activation.21,39-42

Interestingly, the depletion of CD11c⁺ dendritic cells and CD163⁺ macrophages in CRC tissue, together with 
an increased neutrophil presence, suggests a shift toward an alternative mechanism of antigen presentation to T 
cells. Neutrophils have been shown to activate autologous antigen-specific memory T cells in vitro. 
Furthermore, these neutrophil subsets have been shown to induce potent anti-tumor immunity in murine 
models.43 Thus, in addition to spatial proximity, a more detailed analysis of the neutrophils and T cell markers 
could provide insights into their functional role and whether immunosuppressive or pro-inflammatory effects 
occur after interactions of activated neutrophils and T cells in CRC.

Consistent with our findings, an increased infiltration of neutrophils and CD4⁺ T cells in CRC tissue compared 
to healthy mucosa was moderately associated with the presence of specific bacterial strains, such as Bacteroides 
fragilis and Fusobacterium nucleatum, and was more strongly linked to a general increase in overall bacterial 
activity beyond these core pathogens.27 Metagenomic analysis of paired CRC and adjacent colon tissue from the 
same patients revealed that only one gram-positive bacterial species was differentially abundant. Thus, rather than 
individual bacterial species driving immune cell recruitment, the overall presence of translocated bacteria, bacteria- 
derived LPS, or other bacterial products may shape the immune landscape within the CRC tissue.

Overall, our findings contribute to the understanding of the heterogeneous TME and the bacteria as a 
component of it. We observed an inflammatory phenotype of the CRC tissue, accompanied by heteroge
neous bacterial abundance and immune cell interactions in the CRC tissue compared to paired adjacent 
non-tumor tissue. Moreover, distinct changes in specific immune cell populations and their associations 
with bacterial LPS were identified in CRC tumors. A deeper understanding of these bacteria–immune cell 
interactions will be essential for understanding CRC pathogenesis and ultimately advancing bacteria-based 
therapeutic strategies in CRC.
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