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ABSTRACT

The involvement of the intestinal microbiome in the pathogenesis of inflammatory
bowel disease (IBD) and colorectal cancer (CRC), is well-established. Bacteria interact
with immune cells at sites of intestinal inflammation, but also in the CRC tumor micro-
environment. We hypothesized that bacterial remnants translocate within peripheral
blood mononuclear cells (PBMCs) into the circulation and thus explored the composition
of the detectable microbiome in PBMCs of patients with CRC or IBD compared to healthy
controls. The PBMC microbiome profiles partially align with the tumor-derived or intest-
inal tissue-derived microbiome signatures obtained from the same patients with CRC or
IBD, respectively. Our metagenomics data, supported by 16S-rRNA-FISH-Flow, imaging
flow cytometry and species-specific gPCR, revealed the presence of translocated bacter-
ial genetic sequences in the patients with CRC and IBD. Thus, our data suggest that in
patients with intestinal barrier leakage, there is the potential for the translocation of
bacterial remnants into the circulation via PBMCs.
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Introduction

The intestinal microbiome is critical for the maintenance of human health as it is an important contributor
to effective epithelial barrier function, immune tolerance, energy production, and digestion, as well as the
production of vitamins, bile acids, and short-chain fatty acids." The involvement of the human intestinal
microbiome in the regulation of immune cell homeostasis, as well as in the pathogenesis of inflammatory
bowel disease (IBD) and colorectal cancer (CRC), is well-established.’ > Bacteria interact with immune cells
at the sites of intestinal inflammation, but also in the CRC tumor microenvironment (TME).*”” Indeed,
bacterial remnants have recently been detected in human intestinal tissue in patients with IBD, at primary
tumor sites and in the metastases of patients with CRC, and in whole blood.*®?

In patients with IBD, a reduced diversity and metabolic capacity of the intestinal microbiome has been
documented.'®”"? Additionally, patients with active IBD present an enhanced intestinal permeability and
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increased bacterial DNA load in intestinal tissue compared to healthy controls."*™'® Thus, it has been
hypothesized that the intestinal microbiome affects immune cell homeostasis in patients with IBD and other
chronic inflammatory diseases with systemic consequences, either indirectly or directly via the presence of
relevant pathogenic bacteria in the periphery, including the circulation.” Furthermore, in CRC, the
intestinal microbiome is found in a dysbiotic state, and bacteria have been found within the TME.>*%!7~2¢

Indeed, several studies have shown the functional implications of such bacterial signatures on cancer
progression.z’ls’21 Bacterial genes at primary tumor sites in patients with CRC or oral squamous cell cancer
have been observed in cancer and immune cells,*® and regions containing bacterial sequences within the
tumor tissue have been associated with an increase in the population of myeloid cells.* And, in addition to
a detectable microbiome occurring within the primary tumor, it has been shown that CRC-related liver
metastases harbor bacteria® and strains of Fusobacterium nucleatum, Bacteroides fragilis, and Prevotella spp.
have been identified on a genetic level in both the primary CRC tumor and the corresponding liver
metastasis.® Animal studies have further revealed that a defective intestinal vascular barrier might promote
bacterial translocation, thus promoting cancer metastasis.>?

The hypothesis that commensal bacteria, or at least bacterial remnants, might translocate from the
intestine into the circulation through a potentially defective intestinal epithelial barrier in patients with IBD
or CRC is corroborated by the highly sporadic detection of bacterial DNA in the blood of healthy
individuals. In an elegant study, Tan et al. detected genetic sequences from mainly commensal bacteria
derived from the intestinal tract, oral cavity or the genito-urinal tract in whole blood samples of
9,770 healthy individuals. The identified sequences differed from known human pathogens in clinical
blood cultures.” However, bacterial species were recognized in only 16% of those healthy individuals, and
the detected median was one species, suggesting that under homeostatic conditions there is an absence of
a consistent core microbiome within human blood.” However, the overall microbial DNA load in whole
blood in patients with CRC or IBD is higher compared to healthy controls, albeit with yet unclear
pathological consequences.”**

As of yet it is unknown how bacteria or bacterial remnants can travel systemically and, in particular,
reach sites of distant metastases in patients with CRC or sites of localized inflammatory activity in the case
of IBD. But, due to the interaction of bacteria with immune and cancer cells at primary tumor sites,* we
speculated that such bacterial remnants travel either within cancer cells or immune cells from the primary
tumor to sites of metastasis. Here, we show that in patients with CRC or IBD peripheral blood mononuclear
cells (PBMCs) may carry translocated bacterial remnants into the circulation, likely due to a defect in their
intestinal epithelial barrier.>”

Results
Genetic bacterial sequences are detectable within the PBMCs of patients with CRC or IBD

Firstly, we aimed to explore whether PBMCs might contribute to the translocation of bacterial remnants
from sites of primary tumors or from the inflamed intestinal tissue into the blood in patients with CRC or
IBD, respectively. We performed metagenomics sequencing on PBMCs derived from 36 patients with CRC,
including patients with stages I-III (n = 24) and stage IV (n = 12), and 56 patients suffering from IBD
(ulcerative colitis, UC, n = 25; Crohn’s disease, CD, n = 31). In addition, we analyzed PBMCs from healthy
control individuals (n =20) (Table S1). To exclude potential contamination affecting the results, we used
multiple lab reagent controls (Table S2). We performed extensive bioinformatics data cleaning procedures
according to recommended guidelines to avoid potential pitfalls of low-biomass microbial analyses and to
recognize the reagent microbiome in our samples (Figure S1A-C, Table S$3, Methods).*>*” Further, we only
selected species for further analysis that are well-known to colonize the human gut and are thus ecologically
plausible. After performing each step of this data decontamination pipeline, 208 bacterial species (126 in
tissue only and 82 in both PBMCs and tissue) were detectable at a rate of at least 10 specific reads in at least 3
patients for at least one disease in either tissue and/or PBMCs (Figure S1A-C, Table S4).We found a higher
microbial richness as measured by Chaol in PBMCs from patients with metastatic and non-metastatic CRC
compared to PBMCs from patients with IBD (Figure 1(a), Table S5). Beta diversity analysis based on Bray-
Curtis presented by Principal Coordinates Analysis (PCoA) demonstrated a cluster of PBMCs from patients
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Figure 1. The bacterial profile of PBMCs in patients with CRC, IBD, and healthy controls. Specific samples were removed due
to rarefaction, which was conducted to normalize the results. (a) Chao1 alpha diversity index diversity measurements of
bacterial taxa were detected inPBMCs from patients with IBD (n=37), CRC non metastatic (n = 19), metastatic CRC (n =9), as
well as in healthy controls (n = 6). Specific samples were removed due to rarefaction normalization. (b) Beta diversity
analysis based on Bray-Curtis presented by Principal coordinates analysis (PCoA) showed differences between PBMCs from
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with non-metastatic CRC were separated from patients with IBD and healthy control individuals. These
results were statistically supported by PERMANOVA analysis (Figure 1(b), Table S6). Further analysis
based on stratification of patients with CRC according to tumor stages I-IV as well as of patients with IBD
according to UC and CD can be found in Figure S2A-D. Notably, while based on Chaol alpha diversity,
there was no clear correlation between age and the number of bacterial species detected within the PBMCs
of younger and older individuals (Figure S3A-G).

After applying our strict filtering and decontamination criteria, we still detected bacterial DNA in the
PBMCs from all patients and all healthy controls. To check the commonly detected bacterial DNA in
PBMCs between different diseases, we set up a threshold of 10 reads to consider the bacterial DNA as
present in each condition (Figure S1D). Therefore, PBMCs from patients with non-metastatic CRC had the
highest number of diverse bacterial species (n = 79), followed by IBD (n = 22). In contrast, PBMCs from
patients with metastatic CRC (n = 5) exhibited only very few bacterial species, and the lowest number of
species was detected in PBMCs from healthy individuals (n = 3) (Figure 1(c), Table S4). Of the three species
detected in healthy individuals in our samples, Anaerobutyricum hallii and Haemophilus parainfluenzae had
previously been reported in a comprehensive analysis of the whole-blood microbiome of 9770 healthy
individuals,” which included extensive filtering for contaminants.

Out of the 82 species detected in PBMCs overall, 31 exhibited a remarkable difference between at least
two groups (Figure S4). Further, we could define disease-specific PBMC patterns as determined by the effect
size (LDA score, logl0, Figure 1(d,e)). Roseburia intestinalis, Bifidobacterium pseudocatenulatum,
Faecalibacterium prausnitzii and Anaerostipes hadrus were distinctive for patients with non-metastatic
CRC, while Bifidobacterium adolescentis and Dorea longicatena were indicative for PBMCs from patients
with IBD (Figure 1(d,e)). Notably, Anaerostipes hadrus featured a high LDA score for non-metastatic CRC
as it was enriched in PBMCs from patients with metastatic CRC or with IBD.

Bacterial DNA is present in specific PBMC subsets from patients with CRC and IBD

Next, we aimed to confirm the presence of bacterial DNA in PBMCs and to determine the specific immune
cell subsets carrying bacterial DNA in the peripheral circulation. We integrated the detection of the bacterial
16S rRNA using a fluorescence in situ hybridization (FISH) probe into our flow cytometry staining of
PBMCs (16S rRNA-FISH-Flow) to further validate our findings (Figures 2(a,b), Figures S5-8). Confirming
our previous finding of a very low number of bacterial species detected in PBMCs from healthy controls
using metagenomic sequencing, we detected almost no bacterial 16S rRNA signal in PBMCs from healthy
controls (n = 9) using 16s rRNA FISH Flow. In contrast, we identified the presence of bacterial 16S rRNA in
selective immune cell subtypes of PBMCs from patients with CRC (n = 10), particularly in CD4" T cells and
in CD3"CD14" monocytes. When analyzing the PBMCs from patients with IBD (n = 9), we detected
bacterial 16S rRNA to an overall lesser extent and primarily within the CD3"CD14" monocytes. To further
validate our findings, we expanded our analysis and adopted the imaging flow cytometry technique. This
method enabled us to visualize cells containing the 16S rRNA gene while simultaneously exhibiting
characteristic immune cell markers. In this manner, we confirmed our metagenomics findings and validated
the presence of 16S rRNA within specific immune cell populations at a single-cell level Figure 2(c,d).

The bacterial sequences detectable within PBMCs and tumor-derived tissue from patients with CRC
suggest translocation of bacterial remnants from the intestine

Having demonstrated the presence of bacterial remnants in PBMCs of patients with CRC and IBD, we next
aimed to identify the potential origin of the bacterial species found in the PBMC:s. Firstly, we explored patients
with CRC from whom either PBMCs, primary tumor, and adjacent colon tissue were available (n = 16 non-

healthy individuals and PBMCs from patients with CRC and IBD. (c) a Venn diagram and an upset plot show the number of
common bacterial species in different diseases. (d) Effect size analysis (LDA score, log10) shows different taxa detected in
PBMCs from each group, as in A, with an LDA score of more than 3. (e) Relative abundance (normalized to a total of 1) of the
six species with LDA score above 3.
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Figure 2. Detection of 16S rRNA-positive cells within total PBMCs from patients with CRC or IBD. PBMCs from healthy
controls, n =9, CRC patients, n = 10 and IBD patients, n = 9 were stained for surface markers CD3, CD4, CD8, CD14 and CD19,
and 16S rRNA probe and complementary antisense as a control. These patients had not been previously analyzed by
metagenomic sequencing but were included here as an additional validation cohort. (a) Detection of 16S rRNA probe in
CD3*CD4" T cells and CD3*CD8* T cells in comparison to antisense probe. (b) Detection of 165 rRNA probe in CD3°CD14*
monocytes and CD3CD19" B cells in comparison to antisense probe. Each symbol represents one donor. (c) Representative
pictures of PBMCs from CRC donor positive for 16S rRNA probe together with CD3, CD4, CD8 and CD14 cell markers
visualized by imaging flow cytometry. (d) Representative pictures of PBMCs from IBD donor positive for 16S rRNA probe
together with CD3, CD4, CD8 and CD14 cell markers visualized by imaging flow cytometry. Data is shown as means + SD,
Two-way ANOVA test followed by Bonferroni’s multiple comparison test was performed.
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metastatic, n = 4 metastatic) and patients with CRC from whom PBMCs, metastatic liver and adjacent liver
tissue were available (n = 5) (Table S1). We observed a markedly higher alpha diversity as measured by Chaol,
meaning a higher bacterial richness, in both adjacent colon tissue and tumor tissue from patients with non-
metastatic CRC compared to their matching PBMCs (Figure 3(a)). Beta diversity analysis using Bray-Curtis
revealed remarkable differences between PBMCs from patients with CRC and matching adjacent colon and
primary tumor tissues (Figure 3(b)). Notably, Anaerostipes hadrus and Collinsella aerofaciens were the most
dominant bacterial species in PBMCs from patients with CRC. These species were also detectable in the
respective matched intestinal and metastatic CRC tissue, as well as the respective adjacent intestinal and liver
tissue (Figure 3C). In contrast, we found that Haemophilus parainfluenzae, Prevotella sp. E2-28 and
Clostridioides difficile were the most abundant species in the PBMCs from patients with liver metastasis and
their corresponding CRC liver metastatic tissue. Of note, these species were less abundant in the PBMCs from
patients with non-metastatic CRC, and they were almost absent in their matching intestinal CRC and adjacent
tissue (Figure 3(c)). In contrast, Bacteroides fragilis and Phocaeicola vulgatus were highly detectable in
intestinal CRC and intestinal adjacent tissue, but mostly absent in the PBMCs and the liver tissues.
Fusobacterium nucleatum was mainly detectable in the intestinal tumor tissue from patients with non-
metastatic CRC, but also in the PBMCs of those patients (Figure 3(c)). These patterns suggest distinct
translocation profiles of specific bacterial species from the intestine into the PBMCs in patients with CRC.
Histological evaluation of adjacent colon and CRC tissues can be found in Figure S9A. Overall, for 82 species
we were able to demonstrate remarkable differences in relative abundance between the cancer tissue and their
corresponding adjacent tissue compared to the PBMCs from the same patients (Figure S10).

The bacterial profile of PBMCs and intestinal tissue from patients with IBD suggests the
translocation of bacterial remnants from the intestine

Next, we aimed to first confirm in patients with IBD our finding in the PBMCs from patients with CRC,
and, secondly, we wanted to explore whether the PBMC-derived microbial sequences in patients with IBD
might also potentially originate from the intestine. Representative images of the histological evaluation of
IBD tissue can be found in Figure S9B. We analyzed a cohort of 11 patients with IBD from which PBMCs, as
well as non-inflamed and inflamed intestinal tissue samples, were available (Table S1). By studying alpha
diversity as measured by Chaol, we identified a significant difference between non-inflamed intestinal
tissue and PBMCs from the same patients with IBD. The bacterial richness was lowest in the PBMCs from
these patients, suggesting the presence of more dominant species in such PBMCs than in the tissue
(Figure 3(d)). By a beta diversity analysis using Bray-Curtis we revealed a clear clustering between the
PBMC:s from patients with IBD and non-inflamed tissue from the same patients, while there was again no
clear difference between PBMCs and inflamed tissue from the same patients (Figure 3(e)).

As in CRC, we observed that Anaerostipes hadrus was the most abundant species in PBMCs from patients
with IBD and it was also highly abundant in their inflamed and non-inflamed intestinal tissue (Figure 3(f)).
While less abundant overall, Phocaeicola vulgatus, Faecalibacterium prausnitzii, and Bacteroides fragilis
were highly abundant in both inflamed and non-inflamed intestinal tissues, and they were found in lower
relative abundance in the PBMCs. In contrast, Haemophilus parainfluenzae and Clostridioides difficile were
highly abundant in the PBMCs and the inflamed tissue, but less detectable in the non-inflamed intestinal
tissue. In contrast, Anaerotruncus colihominis was almost exclusively present in the PBMCs, while
Phocaeicola dorei and Bacteroides xylanisolvens was almost exclusively found in the intestinal tissue
(Figure 3(f)).

To further confirm our findings, we next performed species-specific gPCR on the whole DNA samples
that were already used for the metagenomics sequencing. However, we did not have sufficient samples left
over to determine the presence of bacterial species in paired PBMCs and respective matched tissue samples.
Nevertheless, we confirmed the specific presence of Amnaerostipes hadrus, Collinsella aerofaciens,
Faecalibacterium prausnitzii, and Bifidobacterium adolescentis in PBMCs and tissues from patients with
CRC and IBD, respectively (Figure 3(g), Figure S11 + 12, Table S7). These data further support the notion
that the translocation of remnants of intestinal bacteria into the PBMCs occur in patients with an under-
lying intestinal barrier defect.
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Figure 3a. Bacterial profiles of PBMCs and corresponding tissue samples from the same patients from a cohort of
patients with CRC or IBD. Specific samples were removed due to rarefaction, which was conducted to normalize the
results. (a) Chao1 diversity index analysis between PBMCs (n =20 and 8 samples excluded), corresponding adjacent
colon tissue and CRC tissue from the same patients (n=20 and 5 samples excluded), PBMCs from patients with
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A different pattern of bacterial remnants is detectable in PBMCs and intestinal tissue or tumor tissue
between patients with CRC and IBD

When comparing all CRC and IBD samples, alpha diversity analysis using the Chaol metric indicated
variations in microbial diversity across different groups (Figure 3(a-d)). Notably, PBMCs from patients
with metastatic CRC exhibited a relatively high alpha diversity compared to patients with non-metastatic
CRC or IBD. We observed marked differences in the abundance of specific microbial species among the
groups (Figure 4(a,b)). For instance, Prevotella sp. E2-28 and Fusobacterium nucleatum were highly
abundant in tissue samples from patients with CRC. Conversely, Vescimonas coprocola and Simiaoa sunii
showed a low abundance in these tissues and were almost absent in the PBMCs. Notably, species such as
Faecalibacterium sp. L3839 and [Ruminococcus] lactaris were highly abundant in metastatic tissues. The
most abundant species, however, including Phocaecola vulgatus and Anaerostipes hadrus, showed a varied
distribution across the groups, indicating their ubiquitous presence.

Metabolite profiling and metagenomics sequencing analysis support the functional relevance of the
PBMC-microbiome interaction in patients with CRC and IBD

Next, we aimed to further delineate the potential functional relevance of the PBMC-derived microbiome in
patients with CRC and IBD. We applied untargeted metabolomics to profile serum metabolites accounting
for the metabolic potential of the detected microbes. We obtained serum from 28 patients with CRC (stages
I-1II n = 19, stage IV n =9), 12 patients with IBD, and 10 healthy control individuals, all with a previously
analyzed PBMC microbiome. We observed distinct differences in the metabolite profile of patients with
CRC and IBD compared to healthy controls (Figure 5(a)). A total of 635 metabolites were significantly
different between the three groups, and differentially regulated metabolites showed an apparent clustering
in the heat-map (Figure S13, Table S8). We noted differences for 445 metabolites between patients with IBD
and healthy individuals, for 539 metabolites between patients with CRC and healthy individuals, and for 80
metabolites between patients with IBD and CRC. Metabolites altered in either patients with CRC or IBD
were used in Metabolite Set Enrichment Analysis (MESA) and pathway analysis, highlighting key metabolic
pathways affected in these two patient groups. Here, we observed a disease-specific enrichment, or at least
partially, of specific classes of metabolites, including isothiocyanates, diazines, pyrimidine nucleotides,
lactones, and benzenes (Figure 5(b)). Pathway enrichment analysis indicated that most of the altered
metabolites were involved in phenylalanine, tyrosine, and tryptophan biosynthesis, linoleic acid metabo-
lism, histidine, starch, and sucrose metabolism (Figure 5(c)). Next, we performed a correlation network

metastatic CRC (n=4 and one sample excluded), and PBMCs from patients with CRC liver metastasis, corresponding
adjacent liver tissue and CRC liver metastatic lesion from matched patients (n =5 and 3 samples excluded). (b) Beta
diversity as assessed by Bray Curtis analysis. (c) Mean relative abundance of most abundant bacterial species pattern
across PBMCs and different CRC tissue. (D) Chaol diversity index analysis between PBMCs (n=11 and 3 samples
excluded), corresponding non-inflamed colon tissue, and inflamed tissue from the same patients (n=11 and one
sample excluded). (e) Beta diversity assessed using the Bray Curtis analysis. (f) Relative abundance of most abundant
bacterial species pattern across PBMCs and different colon tissue from patients with IBD. (g) Detection of
Anaerostipes hadrus, Bifidobacterium adolescentis, Collinsella aerofaciens and Faecalibacterium prausnitzii with qPCR
on whole DNA isolates from PBMCs from CRC patients (n=7, in at least 4/7 patients, DNA was detectable, except for
Bifidobacterium adolescentis), adjacent CRC (n=13, in least 6/13 patients, DNA was detectable, except for
Bifidobacterium adolescentis), tumor tissue from CRC patients (n =10, in at least 4/10 patients, DNA was detectable,
except for Bifidobacterium adolescentis), PBMCs from patients with CRC liver metastasis (n =4, in at least 1/4 patients,
DNA was detectable, except for Bifidobacterium adolescentis), adjacent liver tissue from patients with CRC liver
metastasis (n =4, in at least 1/4 patients, DNA was detectable, except for Anaerostipes hadrus), liver metastasis tissue
from patients with CRC liver metastasis (n =4, in all 4 patients, DNA was n.D.), PBMCs from IBD patients (n =38, in at
least 3/8 patients, DNA was detectable, except for Faecalibacterium prausnitzii), non-inflamed IBD colon tissue (n =8,
in at least 2/8 patients DNA was detectable) and inflamed IBD colon tissue (n =9, in at least 3/9 patients, DNA was
detectable) and PBMCs from healthy controls (n = 4, in all 4 patients, DNA was n.D.). In G PBMCs and tissues
samples were not derived from the same patients. Data are presented as log10 transformed predicted bacterial DNA
concentrations in ng, based on standard curve values generated from pure bacterial DNA of the respective species
(Figure S10). n.D. = not detectable.
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Figure 3b. (Continued).

analysis between altered serum metabolites in patients with CRC and IBD and pathways from correspond-
ing PBMC metagenomics functional analysis data. This analysis revealed that in particular ketogenesis was
highly positively correlated, and that plasmalogen degradation was clearly negatively correlated, with the
detected serum metabolites (Figure 5(d,e) Tables S9-10).Additionally, we analyzed the significant correla-
tions between PBMC-associated bacterial taxa and serum metabolites from patients with IBD or CRC
compared to healthy controls (Figure S14).

Discussion

Here, we provide evidence for a genomic bacterial pattern present within circulating immune cells in the
peripheral blood of patients with CRC and IBD. Our data further suggest that the PBMC-derived microbial
sequences are likely the result of bacterial translocation from the intestine, particularly in patients with an
underlying defect in the intestinal epithelial barrier, which commonly occurs in CRC and IBD.

The role of the microbiome in the pathogenesis of chronic inflammatory and malignant diseases is
becoming increasingly evident.>”> Recently, it has been demonstrated that primary tumors, as well as
metastasis, from patients with CRC exhibit bacterial genetic sequences4’8; however, the means by which
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Figure 4. Comparison of bacterial species detected in patients with CRC or IBD in contrast to PBMCs from healthy controls.
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Figure 5a. The serum metabolite profile of a cohort of patients with CRC or IBD and in healthy controls. (a) Principal
component analysis (PCA) of serum metabolites in patients with CRC (n = 28), IBD (n = 12), and healthy controls (n = 10).
Each dot represents one patient. (b) Metabolites set enrichment analysis of 524 common altered metabolites compared to
healthy. (c) Pathway analysis of the detected metabolites. (d) Correlation network between metabolites detected in serum
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these bacterial remnants might be transported from the primary tumor to the sites of metastasis, e.g., in the
liver, is still unclear. Our data support the concept that in patients with CRC, PBMCs might serve as carriers
of bacterial remnants from the intestine and the primary tumor, respectively, toward the sites of metastasis.
This data is also in line with the known pro-metastatic roles of certain immune cells recruited to the
tumors.**

Our data is of interest because, to date, the presence of bacteria in human immune cells has only been
described in the context of infectious diseases. Pathogenic Salmonella or Mycobacteria species can invade
and proliferate within dendritic cells and/or macrophages.zg’29 Further, in mouse models of obesity, live
bacteria have been shown to translocate from the intestine to adipose tissue via the microbial pattern
receptor CD14.%° In CRC and oral squamous cell cancer bacterial sequences have been detected intracellu-
larly in both the cancer cells and the immune cells of the primary tumors.*® In patients with CRC,
Fusobacterium nucleatum has been detected in the primary tumor tissue in the intestine, as well as in the
liver metastasis® and was additionally suggested to reach tumors via the blood.’" To date, however, the
presence of bacteria or bacterial remnants has not been described in circulating PBMCs from patients with
CRC or from those with IBD. Thus, this may be a potential means by which bacterial remnants are
transported to and end up in peripheral tissues and metastases.

We should note that we observed differences between the microbiome of PBMCs from patients with
CRC and IBD. The detected differences in bacterial relative abundances in samples of the same cell type,
processed at a single sequencing center, analyzed with the identical pipeline and following the recommen-
dations for reagent microbiome detection, provide substantial evidence that these dissimilarities indeed
originate from biological variations and not from recently described technical limitations.***”** To support
our observation, we further confirmed the detection of bacterial sequences in PBMCs from patients with
CRC and IBD using a well-established 16S rRNA FISH probe (EUB338).”*** Thus, our data demonstrate at
least the presence of translocated bacterial genetic sequences, likely bacterial remnants, within the PBMCs
of patients with CRC or IBD. Thus, the observed presence of the detected bacterial sequences (regardless
whether this indicates the presence of live or dead bacteria) might have an impact on immune cell function
and thus on disease pathogenesis, which would be crucial to investigate in future studies.

We also recognized a higher species count for PBMCs from cases of non-metastatic CRC vs. those from
cases of metastatic CRC, which at first glance seems counter-intuitive within the context of our bacterial
translocation model as it would suggest an increased barrier impairment as the adenocarcinoma progresses
would lead to potentially greater bacterial translocation. One potential explanation might be, however, that
patients with metastatic CRC may have a compromised immune function due to advanced disease or
treatments like chemotherapy, which could impact bacterial translocation or its recognition by the immune
system.”> Additionally, changes in the gut microbiota composition toward an even further reduced diversity
as the disease progresses might affect the diversity of bacteria available for translocation and thus result in
reduced diversity even in the PBMCs, suggesting the presence of fewer, but more dominant, species than in
the PBMCs of patients with early-staged CRC.”® This hypothesis is reflected in our data where in PBMCs
from patients with liver metastasis there is a high abundance of bacteria, such as Haemophilus parain-
fluenzae, Prevotella sp. E2 — 28, Erysipelatoclostridium ramosum or Clostridioides difficile, which are clearly
less abundant in PBMCs of patients with early-staged CRC.

This concept of reduced diversity might also account for the observed overall trend that younger patients
exhibited a higher Chaol diversity within their PBMCs than older patients. This was especially pronounced
in healthy individuals, as well as in patients with metastatic CRC, and indeed a somewhat surprising
observation as one might expect that the intestinal barrier is more effective in young people than in elderly
people.”” As an explanation, one might speculate that the highly diverse intestinal microbiome being
present within the intestine of younger people might allow for sporadically more diverse bacterial remnants

samples from patients with CRC non-metastatic and altered pathways from metagenomics functional analysis of PBMC
samples from patients with CRC non-metastatic. (e) Correlation network between metabolites detected in serum samples
and altered pathways resulted from metagenomics functional analysis of PBMC samples from patients with IBD. Only
significant correlations with p-values less than 0.05 and Spearman correlation above 0.5 are represented by dark blue lines
and less than — 0.5 by light blue lines.
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to pass through the intestinal barrier than in older patients. The microbiome of elderly patients is
characterized by clearly less diversity and thus likely more dominant, and also potentially more pathogenic,
bacterial species.”® Thus, such more dominant bacterial species might translocate primarily through the
corrupted intestinal barrier into the PBMCs, leading to the greater detection of more dominant species
within the PBMCs of the elderly participants in our study. Such a mechanism could also occur in patients
with CRC and liver metastasis, where we indeed found higher abundances of dominant, species, such as
Haemophilus parainfluenzae, Prevotella sp. E2 — 28 or Clostridioides difficile. Thus, the presence and
translocation of such dominant species would overrule the effect of a disrupted barrier in elderly people.
In patients with IBD the effect of a pronounced dysbiosis in elderly patients compared to younger patients
might be somewhat limited as IBD per se is characterized by a heavy dysbiosis independent from the
patient’s age.”” However, we should note that our cohort was very small to address such differences on
a statistically relevant level and further and extensive research beyond the scope of this study would
certainly be required to address this issue in detail. Additionally, larger studies would allow for more robust
subgroup analyses of both, IBD and CRC, given the high heterogeneity of these diseases.

In our metagenomics data analysis we have strictly adhered to the guidelines for data decontami-
nation in low-biomass microbial studies and paid also particular attention to the recognition of the
reagent microbiome in our samples.”>*” In this way, we aimed to ensure that we did not face recently
described problems in certain, mostly cancer-related, microbiome studies.”> Thus, having performed
such stringent contamination removal from our data, our data are now in contrast to previous
literature in the field. Notably, many of the previous studies reporting a microbiome within the
blood or the tissue of various tumors did not perform such rigorous data decontamination, nor did
they report findings that are problematic from an ecological perspective and/or exhibit a high
abundance of non-human commensal Proteobacteria and finally also commonly contradicting them-
selves, as, for example, discussed by Ghihawi et al. ** In particular, some of those publications report
a broad amount of Proteobacteria, e.g., Sphingomonadaceae or Caulobacteraceae, which are typical
environmental and not human commensal bacteria.’® Such reported overrepresentation of environ-
mental Proteobacteria in the blood or tumor tissue is most likely due to insufficient/incomplete data
decontamination and thus recognition of a reagent microbiome, thus denying a common blood
microbiome. It also does not make sense from a biological/ecological perspective, given that
Bacteroidetes, Firmicutes and Actinobacteria are the main phyla found in the human intestine*’ and
the source of detected bacterial remnants in human blood/PBMCs is likely the intestine in individuals
with an impaired intestinal epithelial barrier. Further, additional questions arise regarding the validity
of such findings in many of the previous studies as bacterial sequences had even been described in
cancers of sterile tissues.

We should also note that we detected some uncommon immune cell marker combinations, e.g.,
CD37CD4" cells, CD4"CD8" double-positive cells, and also CD8"CD14" double-positive cells. However,
those marker combinations have particularly been demonstrated to play a role in immune responses to
bacterial antigens and/or the immune response in patients with cancer or chronic inflammatory diseases.*'~
*® We detected only a limited number of sequences from bacterial species that are well-known to reside
within the human intestine, which further contradicts the notion that the detection of the bacterial
sequences by our metagenomics analysis is a result of erroneously assigned human reads in metagenomics
sequencing data.’* Hence, collectively, our data indeed support the presence of at least bacterial remnants in
blood cell compartments.”***

On a functional level, we have recently demonstrated that some of those identified bacteria, e.g.,
Roseburia intestinalis or Faecalibacterium prausnitzii, indeed affect anti-tumor immunity in vivo '” and
those effects are mediated by metabolites produced from those bacteria targeting immune cells via activation of
the GPR84 receptor *°. Anaerostipes hadrus, which proved to be highly detectable in both the PBMCs and
intestinal tissue from patients with CRC, was identified in a recent study as a critical modulator of the
metabolism of 5-fluorouracil, which is a state-of-the-art chemotherapy for the treatment of CRC. This
suggests an important role for this bacterium in patients with CRC.*” All three of these bacteria have been
shown to be highly reduced in the feces of patients with CRC,'” but are present here at high levels in the
primary tumor tissue and, at least on a genetic level, in the PBMCs of those patients. A further validation of
our data is the fact that we identified Fusobacterium nucleatum at high levels in the primary tumor tissue of
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patients with CRC, but not in the intestine of patients with IBD, and at low levels again in PBMCs from
patients with CRC and CRC liver metastatic tissue.

By focusing on the distinct bacterial species present in the intestine-derived tissue, as well as the
corresponding PBMCs, from patients with IBD and CRC, respectively, we found characteristic patterns
for a relevant number of species that might be closely related to their respective functionality. In the
intestinal tissue from patients with IBD and CRC, but not in their PBMCs, we detected a high abundance of
Ruminococci; e.g., the mucolytic Ruminococcus torques, Bacteroides fragilis or B. uniformis. Such mucus
degradation might aggravate the defect in the intestinal barrier, allowing additional bacteria to penetrate
deeper tissue layers. Correspondingly, we detected a high abundance of various Lachnospiraceae, such as
Anaerostipes hadrus, Blautia wexlerae or Roseburia intestinalis, and Faecalibacteria, in the intestinal tissue,
but also in the PBMCs of those patients. Notably, in PBMCs from patients with a severe intestinal barrier
defect; i.e., patients with active IBD and metastatic CRC, we detected high abundances of pathogenic
bacteria, such as Clostridioides difficile or Haemophilus parainfluenzae. These observations are in line with
the recent identification of systemic anti-microbiota IgG repertoires, indicating bacterial translocation from
the intestine in patients with IBD.>°

The key novelty of our work is the identification of bacterial sequences in PBMCs of patients with CRC
and IBD, as previous studies only focused on the microbiome of fecal, tissue or whole-blood samples, but
not on peripheral immune cells. Though our study is limited by the lack of matching primary CRC tissue
and corresponding CRC liver metastasis tissue from the same patients due to clinical limitations.
Nevertheless, our data demonstrate the presence of a limited number of bacterial sequences that are
common to the colonic primary tumor, the PBMCs from patients with CRC and the metastatic CRC
liver lesions. Additionally, the overlap of bacterial species found in adjacent colon tissue, in CRC tissue,
inflamed IBD tissue, and in PBMCs from patients with CRC and IBD, respectively, potentially suggests
a translocation of bacterial remnants, possibly due to increased permeability of the gut barrier as described
for CRC and IBD.>'~>* A further limitation that could not yet be addressed in our present study is whether
the detected bacterial genetic sequences in PBMCs might be derived from live bacteria. Nevertheless, even if
we do not find any evidence of live bacteria in the samples from patients with CRC, especially metastatic
CRC, in the future, the overall relevance of our findings will not suffer as it is well possible that bacterial
remnants could still have important immunomodulatory effects on CRC and IBD disease course and
treatment.”*>°

Overall, we provide evidence here for the presence of bacterial remnants in circulating immune cells of
patients with CRC and IBD. The comparison between PBMCs and the corresponding tissue samples from
the same patients identified some common bacterial species, indicating potential mutual microbial signa-
tures, suggesting that a bacterial translocation from the intestine might be the source of the microbial
sequences detected in the PBMCs of patients with CRC or IBD (Figure S15). Our findings contribute to the
understanding of the complex pathogenesis of CRC and IBD and raise the possibility that the presence of
microbial remnants in PBMCs might exert a potential mechanistic role in the pathogenesis of such diseases.

Star methods
Study participant details

Patient recruitment

We included patients diagnosed with either IBD or CRC. In total, 36 patients with CRC were enrolled,
comprising 24 patients with stages I - III and 12 patients with stage IV disease. Additionally, 56
patients with IBD were included, of whom 25 had UC and 31 had CD. From the CRC cohort, matching
PBMCs, primary tumor tissue, and adjacent normal colon tissue from the same patient were collected
from 20 patients (n =16 non-metastatic; n =4 metastatic). Furthermore, a separate cohort of 5 meta-
static CRC patients was included, from whom PBMCs, metastatic liver tissue, and adjacent non-
tumorous liver tissue were obtained from the same patient each. For the IBD group, matched
PBMCs, inflamed, and non-inflamed intestinal tissue were available from the same patient from 11
patients. All CRC patients included were diagnosed with Union for International Cancer Control
(UICC) stages I-IV and a minimum of 18 years of age. Additionally, 20 healthy control individuals
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were included. Ethical approval for collecting and analyzing tissue and blood specimens from patients
with CRC or IBD and healthy control individuals was received by the Cantonal Ethics Committee of the
Canton Ziirich (BASEC-No.: 2022-02036, BASEC-No.: 2019-02277, EK-1755/PB_2019-00169). Patients
were recruited either from the University Hospital Zurich (USZ) or from the University Hospital Basel
(USB). All participants provided written informed consent before sample collection due according to
local standards and according to the ethical approvals/study protocols. The control subjects were
healthy individuals, e.g. undergoing CRC screening or blood donation at the Blood Donation Center,
SRK Zurich, Switzerland. Control subjects were not formally age-matched. All samples from patients
with CRC or IBD were taken after diagnosis, meaning that all patients had a confirmed diagnosis at the
time of biosampling. Samples from patients with CRC were usually taken at time of cancer surgery.
Samples from patients with IBD were taken during disease course. Once collected, the samples were
treated identically between cases and controls with respect to timing, shipping, lab handling, processing.
Disease, age and gender of the participants are provided in Table S1. Additional patient information
(e.g. sex, ancestry, race, ethnicity, socioeconomic status, and antibiotic treatment) is not available as per
the relevant ethical approvals under which the patients were included.

Method details

Tissue preparation

After surgical resection of human tissues, specimens were assessed by a pathologist. Tumor samples,
inflamed and adjacent colon or liver samples were identified by the pathologist. Native tumor tissue and
adjacent colon and liver tissue were temporally kept in sodium chloride (NaCl) until snap frozen in liquid
nitrogen and stored at —80°C.

Histology

For histological analysis, adjacent colon tissue, tumor, and IBD tissue samples were fixed in 4% formalin
(Formafix Switzerland AG 01-1000), dehydrated through a graded ethanol series (70-100%), and
embedded in paraffin. Sections of 5 um thickness were prepared using a rotary microtome (Zeiss Hyram
M 15). For further processing, tissue sections were deparaffinized with Histo-Clear (Chemie Brunschwig/
National Diagnostics, HS-200) and rehydrated through a descending ethanol series (100-70%). For
hematoxylin and eosin (H&E) staining, rehydrated sections were stained with hematoxylin (Roth, 9192.1)
for 10 minutes, briefly differentiated in 1% HCI (vwr, 1.00317.1000) in ethanol for 2 seconds, and counter-
stained with 1% eosin (Waldeck GmbH & Co, 1B-425, pH 5.2) for 15seconds. Finally, sections were
dehydrated through ascending ethanol concentrations (70-100%) and mounted with Pertex (Biosystems
Switzerland AG, 41-4012-00).

Isolation of human PBMCs

Peripheral blood was collected in ethylenediaminetetraacetic acid (EDTA) (Beckton Dickinson (BD),
367525)-containing tubes and was processed within 1-2h of blood draw. PBMCs were isolated using
density gradient centrifugation with Pancoll-Paque at 1.077 g/mL (PanBiotech, PANP04-601000). Briefly,
blood was diluted with 2% Fetal Calf Serum (FCS) (Biowest, #S181T) in Phosphate-Buffered Saline (PBS)
(ThermoFisher 10,010,056) and gently transferred on top of the density gradient medium layer in SepMate
tubes (Stemcell 85,450). Samples were centrifuged at 1000 x g for 10 minutes at room temperature (RT),
22°C with the brake on 7. The resulting layer of mononuclear cells was transferred to a new tube, washed
with 2% FCS in PBS, and centrifuged at 600 x g for 15 minutes with the brake on 7, at RT, followed by one
additional wash with 2% FCS in PBS at 300 x g with the brake on 7 for 10 minutes. In FCS, cells were frozen
in 10% dimethyl sulfoxide (DMSO) (Sigma-Aldrich 41,640) and stored at —80°C.

Infection of human PBMCs with E. coli

The PBMCs were plated in 6-well plate (5 x106 cells in 5 ml RPMI medium, Gibco) overnight at 37°C in 5%
CO2 atmosphere. Next, PBMCs were treated with antibiotics (gentamicin (100 pg/ml), doxycycline (5 pg/
ml)) as a control or infected with different MOI (0, 0.5, 1, 2) of E. coli for 2 h. After infection, PBMCs were
collected and washed three times with PBS and followed the 16S rRNA FISH staining.
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16S rRNA FISH staining

The PBMCs were washed three times with PBS. Next, cells were stained for zombie violet fixable viability
dye (Biolegend) 30 min at 4°C, and permeabilized for 20 min at 4°C with intracellular staining permeabi-
lization wash buffer and fixation buffer (Biolegend). Next, cells were washed with 2x saline-sodium citrate
(SSC) buffer (20x SSC buffer, Roth, 1054.1) and stained with a 16Ss rRNA FISH probe EUB338 (5’-
GCTGCCTCCCGTA-GGAGT-3), Cy5 (Microsynth) or an antisense probe (5-ACTCCTACGG-
GAGGCAGC-3), Cy5 (Microsynth) in hybridization buffer (25% formamide Huberlab, A2156.0500),
10% dextran sulfate (ThermoFisher 15,415,089), 0.5% bovine serum albumin (BSA) (Pan-Biotec,
PANP06-1391500), 2x SSC buffer) and incubated overnight at 37°C in 5% CO, atmosphere. Next, cells
were washed with 2x SSC buffer. After washing with MACS buffer (Miltenyi Biotec 130,091,221) cells were
stained with the surface markers CD3 (BV605), CD4 (PE), CD8 (PercpCy5), CD14 (APCCy7) and CD19
(PEDazzle) (Biolegend) for 30 min at RT. Flow cytometric acquisition was performed on the LSR II
Fortessa-4 L (BD) flow cytometer or Image stream X Mark II imaging flow cytometry (AMNIS). Flow
cytometry data were analyzed using the FlowJo software (BD), Imaging flow cytometry data were analyzed
using IDEAS software (Cytek Biosciences).

Nucleic acid extraction from PBMCs and tissue samples

Nucleic acid extraction was performed on tissue samples, PBMCs, and the control buffer samples (serving as
negative control). Respective sequencing reads are shown in Table S2. No human DNA sequence depletion
or enrichment of microbial or viral DNA was performed. PBMCs from patients with IBD, CRC or healthy
individuals, tissue samples from patients with CRC or IBD as well as negative controls were all processed
exactly in the same way, using the same procedures and were processed within the same batch as the patient
samples and as described in the following. In detail, PBMCs and buffer samples were centrifuged for 10 min
at 6000 x g and supernatant discarded. Microbial DNA from cell pellets and tissue samples was extracted
with the ZymoBIOMICS DNA miniprep kit (Zymo Research, D4300), following the manufacturer’s
instructions. Instead of Zymo-Spin IICR single columns, an E-Z 96 DNA plate (Omega Bio-Tek
IBD96-02) was used, and centrifugation speed was reduced to 6000 x g. DNA was eluted in 60 pL elution
buffer and quantified using the PicoGreen dsDNA Assay (Thermo Fisher Scientific) or Pico488 dsDNA
Assay (Lumiprobe).

Shotgun metagenomics sequencing

Shotgun metagenomics sequencing was performed at Microsynth AG, Balgach, CH. The library preparation
utilized the Illumina TruSeq library method with unique dual indexing (UDI). Sequencing was conducted
on the Illumina NovaSeq platform, specifically on the SP4 chemistry, using a paired-end 2 x 100sequencing
strategy. The library preparation workflow included a comprehensive quality control (QC) step for the
samples, library preparation, and a final library QC assessment. Libraries were quantified and equimolarly
pooled to ensure uniform representation. The Illumina NovaSeq S4 flow cell used for DNA sequencing had
a specified throughput of 16,000 million passed filter reads with an average of 30 million reads per sample
(sequencing depth). We analyzed the collected metagenomics dataset using the same settings. Raw reads
were trimmed for quality using fastp®” and retained high-quality sequences, and then human host reads
were subtracted by mapping the reads with the human reference genome (GRCh38) using Bowtie2.”® Fastq
files were assessed for quality control using the FASTQC application. Samples were subjected to sequencing
across two distinct batches. To account for potential batch effects that could confound the analysis, we
employed the ConQuR method 40, a robust statistical technique based on conditional quantile regression
designed specifically for the normalization of microbiome data.

Taxonomic classification

Taxonomic classification was performed using the Kraken2 pipeline (version 2.0.8).”” Clean reads were
classified taxonomically against the PlusPF Kraken2 database using the Kraken2 classification tool with
default parameters. To ensure accurate taxonomic classification, we performed a parallel taxonomic
profiling analysis using MetaPhlAn4.° All human reads were excluded and the relative abundance was
calculated based on the successful alignment against the bacteria db. Functional profiling was performed
using HUMAnN3,°' by mapping the sequences against the UniRef90 database after lowering the threshold

).59
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of intermediary taxonomy level to 0.0001. Since HUMAnN3 does not natively support paired-end reads as
input, the corresponding FASTQ files were run in separate runs, and the average of matched results between
forward and reverse reads were considered for further analysis.

Filtering and cleaning the data

To effectively decontaminate 7144 bacterial taxa detected in our microbiome study, especially because we
involve low-biomass samples, a multi-faceted approach combining ecological plausibility, statistical ana-
lyses, and stringent experimental controls is essential. Samples were collected and processed using sterile
techniques in a controlled environment, with multiple negative controls included, including water, buffer,
and freezing medium (Table S2) to detect potential contamination at each stage. DNA was extracted in two
different batches using different kit lots to identify batch effects. To ensure ecological plausibility, we
considered only the species that were detected by 4 fold (10 reads) of average bacterial reads (2.25) in blank
samples. Moreover, the species were only considered for further filtering if those were detected with more
than ten reads in at least 3 patients in one of the diseases/tissues/PBMCs, reducing the species number to
738. Then we performed hierarchical correlation clustering to detect clusters with possible contamination
(Figure S1A-B). Principal component analysis was used to identify and visualize batch effects. Finally, to
achieve genuine signals we removed cited reagent contamination to end up with 208 species detected in
biopsies and PBMCs.>**’ Finally all the species detected were validated by MetaPhlAn4 to ensure accurate
taxonomic assignment.60

Species specific gPCR

Quantitative real-time polymerase chain reaction (qQPCR) amplification was performed using species
specific primers for Anaerostipes hadrus (5-CTTTAGTAGCCAGCATATAAGG -3, 5-
TTGCTCACTCTCACGAGGCT-3),* Bifidobacterium adolescentis (5-CTCCAGTTGGATGCATGTC-3’,
5-CGAAGGCTTGCTCCCAGT-3"),%*  Collinsella aerofaciens (5-CCCGACGGGAGGGGAT-3,5'-
CTTCTGCAGGTACAGTCTTGAC-3’),* and Faecalibacterium prausnitzii (5-GGAGGAAGA
AGGTCTTCGG-3, 5-AATTCCGCCTACCTCTGCACT-3’).°> Pure bacterial DNA (DSM 23,942, DSM
20,083, DSM 3979, DSM107838) was used to perform standard curve analysis (Figure S10) and to validate
primers and (Figure S11A-D). One qPCR reaction in a total volume of 10 uL consisted of 5 uL of Power
SYBR Green PCR Mastermix (Thermo Fisher Scientific 4,367,659), 0.1 uL of each primer at 100 uM,
nuclease free water (Promega, P119C) and the respective DNA sample. 100 ng of whole DNA (including
eukaryotic and possible microbial DNA) isolated from PBMCs, adjacent CRC and CRC as well as non-
inflamed and inflamed IBD tissue was used as input per reaction. We used remaining isolated DNA from
the same patient samples on which previously metagenomic sequencing was performed. gPCR was run in
triplicates and non-template controls (NTCs), which included the same reagents but used water in place of
DNA input, were incorporated into each qPCR run. gPCR was run on Quant Studio 6 Flex (278861872) and
thermal cycler settings were adapted according to the manufacturer’s instructions and an annealing
temperature of 68°C.

Metabolomics

Blood was collected in serum vacutainers (BD 367,896), inverted 5 times, left at least 30 min at RT for clotting
and then centrifuged at 2000 x g for 10 minutes at RT. Subsequently obtained serum was snap frozen and stored
at —80°C until further processing. Metabolomic analysis was carried out with a high-resolution mass spectro-
meter (Agilent QTOF 6550) described previously by Fuhrer et al. ,* and we used MetaboAnalystR package
version 3.0.3 for the statistical analysis.”” The normalized intensities by the median for each sample were mean-
centered and divided by the standard deviation of each variable of all annotated features. Significance analysis
was done by ANOVA followed by Tukey-HSD post-hoc analysis. Principle component analysis (PCA) was
used to visualize sample variance. Heatmap visually presented the hierarchical clustering using the Euclidean
method for distance calculation and Ward’s linkage for clustering. Metabolite set enrichment analysis (MSEA)
was carried out against the “main” data set, and a generalized linear model was used during the quantitative
enrichment analysis. The correlation between the significant metabolites and enriched pathways was conducted
using the corrr package in R and the sanky plot was generated using (networkD3) package.
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Quantification and statistical analysis

Statistical analyses were performed in R (version 4.4.3). We employed two methods for normalization based on
the type of analysis. We applied rarefaction to subsample down to 20 reads per sample for diversity analyses.
Rarefaction was employed to standardize sequencing depth among samples, preventing diversity comparisons
from being skewed by varying sampling efforts or sequencing depths. By establishing a minimum sequencing
depth of 20 reads per sample, we ensure that only those with adequate data are considered. Given that we are
identifying very low biomass, we lowered the depth to balance the retention of as many samples as possible while
maintaining reliable data for thorough diversity analysis. Consequently, several samples were excluded from the
analysis due to their sequencing depths not meeting the set threshold. Alpha-diversity (the number of observed
genera and Chaol indices (richness), and beta-diversity (Bray-Curtis and Jaccard dissimilarities) indices were
generated using vegdist and diversity functions in the vegan R package (version 2.3-2). Principal coordinate
analysis (PCoA) was performed using the phyloseq package based on the Bray-Curtis. Permutational variance
analysis (PERMANOVA) was conducted using the adonis2 function from R’s vegan package. Differential
abundance was assessed using relative abundance. This approach accounts for the differences in total read
counts between PBMC and tissue samples, enabling meaningful comparisons of bacterial composition. Either
the Wilcoxon test for 2 group comparison was used or the Kruskal-Wallis test followed by Wilcoxon test for
pairwise comparisons and p value adjusted using FDR for family error correction. Linear discriminant analysis
effect size (LEFSe)®® was used to identify differentially abundant bacteria species between two or more groups,
and the linear discriminant analysis (LDA) score was obtained. The correlation between the significant
metabolites and enriched pathways was conducted using the corrr package in R and the sanky plot was
generated using (networkD3) package. Correlations were computed between circulating microbes and host
serum metabolites using Pearson correlation coefficients implemented in the Hmisc R package. Significant
associations were defined by a correlation threshold of |r| > 0.4 and an adjusted p-value < 0.05.
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