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Crohn’s disease recurrence
updates: first surgery vs.
surgical relapse patients display
different profiles of ileal
microbiota and systemic
microbial-associated
inflammatory factors
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Simone Baldi1, Mario D’Ambrosio2,4, Giulia Nannini1,
Elisabetta Bigagli2, Lavinia Curini1, Marco Pallecchi2,
Donato Andrea Arcese1, Stefano Scaringi1,
Cecilia Malentacchi3, Gianluca Bartolucci2,
Matteo Ramazzotti3, Cristina Luceri2, Amedeo Amedei1*

and Francesco Giudici1

1Department of Experimental and Clinical Medicine, University of Florence, Florence, Italy,
2Department of Neurosciences, Psychology, Drug Research and Child Health (NEUROFARBA),
University of Florence, Florence, Italy, 3Department of Biomedical, Experimental and Clinical
Sciences “Mario Serio”, University of Florence, Florence, Italy, 4Enteric Neuroscience Program,
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Background and aims: Crohn’s disease (CD) pathogenesis is still unclear.

Remodeling in mucosal microbiota and systemic immunoregulation may

represent an important component in tissue injury. Here, we aim to

characterize the ileal microbiota in both pathological and healthy settings

and to evaluate the correlated systemic microbial-associated inflammatory

markers comparing first-time surgery and relapse clinical conditions.

Methods: We enrolled 28 CD patients at surgery; we collected inflamed and

non-inflamed mucosa tissues and blood samples from each patient. Bacterial

wall adherence was observed histologically, while its composition was

assessed through amplicon sequencing of the 16S rRNA gene. In addition,

we evaluated the systemic microRNA (miRNA) using quantitative real-time PCR

amplification and free fatty acids (FFAs) using gas chromatography–mass

spectroscopy.

Results: The total number of mucosal adherent microbiota was enriched in

healthy compared to inflamed mucosa. In contrast, the phylum Tenericutes,

the family Ruminococcaceae, and the genera Mesoplasma and Mycoplasma
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were significantly enriched in the pathological setting. Significant microbiota

differences were observed between the relapse and first surgery patients

regarding the families Bacillaceae 2 and Brucellaceae and the genera

Escherichia/Shigella, Finegoldia, Antrobacter, Gemmatimonas, Moraxella,

Anoxibacillus, and Proteus. At the systemic level, we observed a significant

downregulation of circulating miR-155 and miR-223, as well as 2-methyl

butyric, isobutyric, and hexanoic (caproic) acids in recurrence compared to

the first surgery patients. In addition, the level of hexanoic acid seems to act as a

predictor of recurrence risk in CD patients (OR 18; 95% confidence interval

1.24–261.81; p = 0.006).

Conclusions: We describe a dissimilarity of ileal microbiota composition

comparing CD and healthy settings, as well as systemic microbial-associated

inflammatory factors between first surgery and surgical relapse. We suggest

that patterns of microbiota, associated with healthy ileal tissue, could be

involved in triggering CD recurrence. Our findings may provide insight into

the dynamics of the gut microbiota–immunity axis in CD surgical recurrence,

paving the way for new diagnostics and therapeutics aimed not only at

reducing inflammation but also at maintaining a general state of eubiosis in

healthy tissue.
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Introduction

Inflammatory bowel disease (IBD), which includes Crohn’s

disease (CD) and ulcerative colitis (UC), is defined by

intermittent chronic inflammation of the gastrointestinal

system, resulting in bowel damage. CD, a multifactorial

disorder that causes significant life-long impairment,

commonly begins in young adulthood and is accompanied by

periods of remission and recurrence (1). Nevertheless, surgical

recurrence, or the necessity for a further operation, has been

reported in 25% to 45% of patients within 10 years following the

initial bowel resection (2). The transmural and segmental

inflammation in CD is typically concentrated in the terminal

ileum, but the pathophysiology remains unknown. Moreover,

the drivers of recurrence following ileocolonic resection (ICR)

remain hypothetical and challenging.

Current data have suggested that a complex interplay of

genetic, epigenetic, microbial, metabolic, and environmental

factors promotes, at the gut level, aberrant innate immune

responses, as reviewed in Zheng et al. (3). In fact, mucosal

immunoregulation dysfunctions may play a role in the etiology

of chronic intestinal inflammation and tissue damage (4).

Moreover, several reports have shown that the multifaceted

regulatory mechanisms linked with mucosal immunity against

microbial flora, epithelial barrier dysfunction, and
02
environmental influences can cause an abnormal inflammatory

response, contributing to CD pathogenesis (5–7). Furthermore,

in CD patients, the richness of mucosal microbiota (and its

metabolites) was strongly linked with disease activity or

exacerbations (8).

Increasing data point to the importance of gut microbiota

(GM) alterations in CD pathogenesis (9), involving decreased

abundance of Bacteroides, Firmicutes, Clostridia, and

Lactobacillus, Ruminococcaceae and increased abundance of

Gammaproteobacteria and Enterobacteriaceae (10). Some

studies have examined the gut microflora at surgery to find

microbial profiles associated with remission or recurrence (11).

It has been observed that ileal mucosa–associated microflora

changed significantly after surgery, including variations between

patients with and without recurrence (12, 13). Through a

comprehensive analysis of ileal tissue layers, inflammatory

response, and microbiota composition, we have recently

reported that the phylum Tenericutes and the genera

Mesoplasma and Mycoplasma were significantly augmented in

the inflamed tissues (14). Moreover, we reported different and

significant cytokine levels at the three tissue layers (mucosa,

submucosa, and serosa) and differences in bacterial flora

composition between the relapse and first surgery patients (14).

Other key factors acting as regulators of inflammatory

responses and metabolic pathways are free fatty acids (FFAs),
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classified into short–chain fatty acids (SCFAs), medium–chain

fatty acids (MCFAs), and long–chain fatty acids (LCFAs). SCFAs

are produced as a result of bacterial and host metabolism. Recent

studies have shown that SCFAs and LCFAs play a vital role in

CD pathophysiology and development by various mechanisms,

i) affecting pro– and anti–inflammatory mediators, ii)

maintaining intestinal homeostasis, and iii) regulating gene

expression. In particular, SCFAs and LCFAs activate signaling

cascades that control immune functions through interaction

with cell surface free fatty acid receptor, while SCFAs are

crucial to maintaining the host’s normal gut physiology and

metabolic functions and that a part of them enters the systemic

circulation (15).

Additionally, several studies suggest that the GM may

interact also with microRNAs (miRNAs) in regulating host

pathophysiology and many immune processes. However, how

miRNA circuits orchestrate aberrant intestinal inflammation

during inflammatory CD and recurrence phenomena is poorly

defined. Furthermore, miRNAs can regulate bacterial

composition by specifically targeting bacterial genes, and they

can be used as markers of microbial fluctuations in intestinal

pathologies (16). In addition, the GM has been found to regulate

the host miRNA expression, primarily through the GM

metabolites, such as lipopolysaccharide (LPS) and SCFAs such

as butyrate (17, 18). Specific miRNAs are related to microbiome

and inflammatory processes, including miR–223 and miR–155

(19). Chief among these, miR–223 is emerging as an important

regulator of the innate immune system and the response to

bacterial stimulation (20, 21), the upregulation of miR–223 is

reported as a novel biomarker in subsets of IBD patients (22) as

well as in preclinical models of intestinal inflammation (19, 23).

miR–155 influences numerous biological functions including

inflammatory response, intracellular signaling cascades,

regulation of cytokine production, and response to microbiota

(24–27). miR–423 is also a pro–inflammatory miRNA, tightly

controlled by IL–21 in IBD. It directly targets claudin–5, a

critical family member in the maintenance of normal intestinal

barrier property, and regulates the NF–kB/MAPK/JNK signaling

pathway (28).

This emerging evidence suggests that “taking an instant

picture” of all the above mentioned microbial, metabolic, and

epigenetic factors, involved in the intricate transmural and

systemic inflammatory process, might be useful to deepen our

understanding of the CD recurrence dynamics.

Starting from these premises, through a holistic and

innovative analysis of ileal microbiota composition, circulating

FFAs, and miRNAs, we investigated the mutual dialogue

between CD microbial and inflammatory factors, comparing

healthy and pathological tissues as well as first surgery and

relapse conditions.

Our results showed a different regulation of the gut

microbiota–immunity axis, corroborating our previous results

(14) and expanding them with new details and perspectives on
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circulating microbiota–related factors (SCFAs and miRNAs), at

first surgery time and relapse conditions. Moreover, we observed

a potential involvement of microbiome patterns, associated to

healthy ileal tissue, in triggering recurrence– l inked

determinants, suggesting that not only anti–inflammatory

therapies but also GM eubiosis maintenance may be crucial

for early treatment adjustments.
Materials and methods

Patients

We enrolled 28 adult patients (16 men and 12 women, mean

age 46.82 years, age range 19–72 years) affected by ileal CD

(Table 1) at “Careggi University Hospital” (Florence, Italy)

between 2018 and 2019, after obtaining informed consent and

approval of the local ethics committee (study no. 2016.0842).

Among these 28 patients, the clinical and anamnestic data, as

well as the ileal microbiome sequences from 10 patients, were

previously included in a study already published by our group

(14) describing the interplay between ileal cytokines at three

different tissue layers (mucosa, submucosa, and serosa) and

mucosal microbiota, in first surgery and relapse CD.

As reported in our previous study (14), ileal CD diagnosis

had been performed by clinical/endoscopic criteria and

confirmed by histological analysis. The inclusion criteria were

as follows: i) diagnosis of IBD for at least 3 months according to

the standard Montreal classification (29), ii) patients with IBD

with ileocolic localization, and iii) patients aged 25–70 years. The

exclusion criteria include the following: i) use of antibiotics or

any other probiotic bacterial supplement in the previous

1 month, ii) use of non–steroidal anti–inflammatory drugs

(NSAIDs) in the previous 1 month, iii) reported recent

diagnosis (less than 3 months) of bacterial or parasitic

infections of the gastrointestinal tract, and iv) trip to exotic

areas in the last 5 years. Patients have not been treated with

antibiotics, aminosalicylates or immunosuppressants, biological

therapy, and steroids for at least 3 weeks before the ICR.
Bacterial wall adherence

Samples of affected (based on visual expert inspection) and

apparently normal mucosa, harvested at surgery, were fixed in

Carnoy’s solution and embedded in paraffin. Sections (4 µm)

were stained with 2.5 ng/ml of ethidium bromide and observed

with an Olympus BX63 microscope equipped with a metal halide

lamp (Prior Scientific Instruments Ltd., Cambridge, United

Kingdom) and a digital camera (Olympus XM10, Olympus,

Milan, Italy).

Ten photomicrographs were randomly taken for each

section at ×400 magnification, and the number of adherent
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TABLE 1 Clinical features of the enrolled patients.

No. Sexa CD
siteb

Age
of
CD
onset

Surgery Disease
behaviorc

Smoking
statusd

Familiarity BMI Malnutrition
according to
ESPEN 2015

CD
duration
(years)

Age at
surgery
(years)

Period
from

previous
surgery
(years)

Comorbiditiese CD therapies

1 M L2 27 First
surgery

B2 No No 22.4 No 4 31 – – Infliximab,
methylprednisolone

2 M L2 23 First
surgery

B2, B4 No No 17.4 Yes 11 27 – – Methylprednisolone

3 M L2 18 First
surgery

B2, B3 No No 20.7 No 1 19 – – –

4 M L2 11 First
surgery

B2, B3 No No 22.1 No 1 30 – – Adalimumab

5 M L2 16 Relapse B3 Cur No 16.8 Yes 29 45 4 – Azathioprine,
vedolizumab

6 M L1 37 First
surgery

B2 Ex No 32.8 No 13 50 – BS, H, OSAS Mesalamine,
omeprazole,
prednisone

7 M L1 17 Relapse B3 Ex No 20.1 No 23 40 9 O Risedronate

8 F L2 40 First
surgery

B2 No No 30.5 No 1.5 41 – A, AS Beclomethasone

9 F L1 63 First
surgery

B2 No No 24.2 No 7 70 – – Mesalamine,
sulfasalazine

10 F L2 40 First
surgery

B2, B3 No No 18.7 No 10 50 – – Mesalamine

11 M L2 24 Relapse B2 No No 23.3 No 16 40 16 – Mesalamine

12 M L2 28 Relapse B2, B3 No No 27.9 No 33 61 19 AS –

13 F L2 37 Relapse B2 No No 21.6 No 12 49 12 – Prednisone

14 M L2 40 Relapse B2 No No 20.1 No 12 53 0.5 – Mesalamine

15 F L2 42 Relapse B2 No No 16.6 Yes 29 71 21 MD Prednisone

16 F L2 64 First
surgery

B2 Yes Yes 21.3 Yes 5 69 – H –

17 M L1 62 First
surgery

B2 No No 23.9 Yes 2 64 – DM, GA, HHG Allopurinol,
budesonide,
mesalamine

18 F L2 21 Relapse B3, B4 No No 23.5 No 36 57 36 EA, H Mesalamine,
ranitidine

19 M L1 36 First
surgery

B2 Ex No 22,2 No 4 40 – – Budesonide

20 F L1 17 Relapse B2, B3 No No 21 No 1 17 1 – Budesonide

21 M L2 47 First
surgery

B2 No No 20.9 No 12 60 12 – Mesalamine,
prednisone

22 F L2 29 First
surgery

B2 Yes No 22.8 No 28 57 – – –

23 F L2 32 Relapse B2 Yes No 21.5 No 13 45 13 – –

24 F L2 21 First
surgery

B2 No No 20 No 1 month 21 – – Methylprednisolone,
piperacillin/
tazobactam

25 M L1 13 First
surgery

B2 Yes No 27.8 No 13 26 – HZ Adalimumab

26 M L1 49 First
surgery

B2 Yes No 21.1 No 5 54 – P –

27 M L1 37 First
surgery

B3 No No 19.1 No 6 43 – – Mesalamine

28 M L1 34 Relapse B3 Yes No 18.8 No 13 47 13 – Prednisone
Fron
tiers in
 Imm
unolog
y
 04
aSex: M, male, F, female. bCD site: L1, terminal ileum, L2, ileum colon. cDisease behavior: B1, non–stricturing, non–penetrating, B2, stricturing, B3, penetrating, B4, perianal disease.
dSmoking status: No, non–smoker, Ex, ex–smoker, Cur, current smoker. eComorbidities: A, asthma, AS, ankylosing spondylitis, BS, Brown–Sequard syndrome, DM, Dupuytren’s morbus,
EA, enteropathic arthritis, GA, gouty arthritis, H, hypertension, MD, major depression, NHG, non–Hodgkin lymphoma, O, osteoporosis, OSAS, obstructive sleep apnea syndrome, HZ,
herpes zoster, P, psoriasis.
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bacteria was evaluated using ImageJ 1.33 image analysis software

(http://rsb.info.nih.gov/ij).
Characterization of paraffin–embedded
tissue microbiota

The microbiota of paraffin–embedded tissue was assessed as

described in our previous study (14). In detail, for each sample, the

first few scrolls from the paraffin–embedded blocks were

discarded and then eight 10–mm scrolls were cut and placed

into sterile 2–ml centrifuge tubes. For deparaffinization, we used

xylene (Sigma–Aldrich, MO, USA) for all extractions. DNA was

extracted using the QIAamp DNA FFPE tissue kit (Qiagen, CA,

USA) according to the manufacturer’s protocol. Nucleic acids

were eluted in a 50–ml elution buffer following a 5–min column

incubation at room temperature. Themicrotome was cleaned with

DNA AWAY (Thermo Scientific, MA, USA) between each

sample, and the equipment was regularly tested using sterile

swabs that also underwent sequencing as controls. The quality

and quantity of extracted DNAwere assessed using the NanoDrop

ND–1000 (Thermo Fisher Scientific, Waltham, MA, USA) and

the Qubit Fluorometer (Thermo Fisher Scientific), respectively.

Then, genomic DNA was frozen at −20°C.

The extracted DNA samples were sent to IGA Technology

Services (Udine, Italy) where amplicons of the variable V3–V4

region of the bacterial 16S rRNA gene were sequenced in paired–

end (2 × 300 cycles) on the Illumina MiSeq platform, according

to the Illumina 16S rRNA amplicon.

The bioinformatic analysis of ileal microbiome sequences

was performed following the methods already described in our

previous studies (14, 30). In detail, regarding the sequencing

library preparation protocol (31), raw sequences were processed

following the software pipeline MICCA (32). Paired–end reads

were assembled using the “mergepairs” command, maintaining a

minimum overlap of 100 bp and an edit distance in the

maximum overlap of 32 bp. Subsequently, the sequences were

cut with the “trim” command in order to remove the primers

and eventually eliminate the reads with imperfections in primer

sequences. All the reads with a length lower than 350 bp and

with an error rate higher than or equal to 0.5 were removed with

the “filter” command. The cleaned reads were eventually merged

into a single file with the “merge” command and transformed

into a fasta file. The operational taxonomic units (OTUs) were

generated using the “out” command in “denovo_greedy” mode,

setting a 97% identity and performing an automatic removal of

chimeras with the “–c” option. The longest sequence of each

OTU was used for the taxonomic assignment using the “classify”

command in “rdp” mode, i.e., using the RDP Bayesian classifier

that is able to obtain classification and confidence for taxonomic

ranks up to genus.

Statistical analyses on the bacterial community were

performed in R (R Core Team, 2014) with the help of the
Frontiers in Immunology 05
packages phyloseq 1.26.1 (33), DESeq2 1.22.2 (34), breakaway

4.6.16 (35), and other packages satisfying their dependencies,

particularly vegan 2.5–5 (35). Rarefaction analysis on OTUs was

performed using the function rarecurve (step 50 reads), further

processed to highlight saturated samples (arbitrarily defined as

saturated samples with a final slope in the rarefaction curve with

an increment in OTU number per reads <1e−5). For the cluster

analysis (complete clustering on Euclidean distance) of the entire

community, the OTU table was first normalized using the total

OTU counts of each sample and then adjusted using square root

transformation. The coverage was calculated by Good’s

estimator using the formula: (1 − n/N) × 100, where n is the

number of sequences found once in a sample (singletons), and N

is the total number of sequences in that sample.

Richness, Shannon, Chao 1, and evenness indices were used to

estimate bacterial diversity in each sample using the function

estimate_richness from phyloseq (33). The evenness index was

calculated using the formula E = S/log(R), where S is the Shannon

diversity index and R is the number of OTUs in the sample.

Differences in all indices between CD and healthy tissues were

tested using a paired Wilcoxon signed–rank test. Sample richness

was further measured using the estimator and its associated error

was introduced in the breakaway package (35). The function

betta_random of breakaway was further used to evaluate the

statistical differences in richness between paired–by–patient

samples. The differential analysis of abundance at the OTUs as

well as at the different taxonomic ranks (created using the

tax_glom function in phyloseq) was performed with DESeq2

(34) using two groups blocked by patient design in order to

perform a paired test when needed (14).
miRNA analyses

Total RNA was extracted from 200 µl of plasma by using

TRIzol (Invitrogen, Life Technologies, Carlsbad, CA, USA),

according to the instructions provided by the manufacturer.

For miRNA–specific cDNA synthesis, total RNA was

reverse–transcribed using the miRCURY LNA RT kit

(Qiagen). Quantitative real–time PCR amplification and

analysis were performed using the Rotor–Gene Q thermal

cycler (Qiagen, Hilden, Germany), the miRCURY LNA

SYBR® Green PCR kit, and the specific miRCURY LNA

miRNA PCR Assay for miR–423, miR–223–3p, and miR–155–

3p. RNU–6B was used as endogenous control and relative

expression levels among miRNAs and RNU–6B were

calculated using the 2−dCT method.
Evaluation of FFAs by GC–MS analysis

Analysis of the FFAs was performed using an Agilent GC–

MS system composed of an HP 5971 single quadrupole mass
frontiersin.org
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spectrometer, an HP 5890 gas chromatograph, and an HP 7673

autosampler, according to previously described protocols (36).

Briefly, just before the analysis, each sample was thawed and the

FFAs were extracted as follows: an aliquot of 300 µl of serum

sample was added to 10 ml of ISTD mixture, 100 ml of tert–butyl
methyl ether, and 20 µl of 6 M HCl + 0.5 M NaCl solution in a

0.5–ml centrifuge tube. Afterward, each tube was stirred in a

vortex for 2 min and centrifuged at 10,000 rpm for 5 min, and

finally, the solvent layer was transferred to a vial with a

microvolume insert and analyzed.
Statistical analysis

The software GraphPad Prism 7.00 and Statgraphics

Centurion XVI were used for statistical data analysis.

Categorical variables were expressed as frequency with

proportions and compared by chi–square or Fisher’s exact test,

when necessary. Continuous data were presented as mean ±

standard deviation (SD) or median with interquartile range

(IQR) and compared using the Mann–Whitney/Kruskal–

Wallis test or t–test/one–way ANOVA, depending on data

distribution. Linear regression was applied to identify the

correlation between two variables.

The odds ratio and 95% confidence intervals for recurrence

risk were calculated using logistic regression analysis. p <0.05

was considered statistically significant.

Correlations between FFAs and taxonomies that varied

significantly between the first operation and surgery relapse

patients (both in CD tissue and healthy tissue) were evaluated

using Spearman’s rank correlation analysis, under the

assumption that there is a non–linear relationship between the

examined variables. Correlations with adjusted p–value lower

than 0.05 were considered significant.
Results

Microbiota analysis in CD vs. healthy ileal
mucosa

Distinct bacterial wall adherence in CD vs.
healthy ileal mucosa

In the first part of the study, we investigated bacterial wall

adherence in healthy and CD mucosal paraffin–embedded

tissues, collected at the time of ICR from 24 out of 28 patients.

In detail, using a microscope, we evaluated the number of total

adherent bacteria and we were able to perform a morphological

distinction between cocci and bacilli. The number of observed

total bacteria was enriched in healthy vs. CD tissues (p = 0.03)

(Figure 1) suggesting a dysbiotic condition. Moreover, bacteria

having bacillus morphology were significantly enriched in

healthy vs. CD tissues (p = 0.021) (Figure 1), while a trend was
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observed in the number of cocci (p = 0.057) (Figure 1). As the

most represented ileal bacteria having bacillus morphology are

lactobacilli and bifidobacteria, known to be inflammation–

suppressing taxa, their depletion in the CD setting suggests a

loss of microbial defense against tissue inflammation.

Representative images of bacterial wall adherence are shown in

Figure 1 (a and b).

Dysbiotic variation of the ileal microbiota
Since we detected significant total bacterial count variations

between the affected and healthy mucosa tissues, we deeply

characterized the resident ileal microbial communities of

retrospectively diagnostic paraffin–embedded sections in 23

CD (of the 28 samples, 5 showed insufficient amount for

analysis) patients using 16S rRNA amplicon sequencing.

We obtained a total of 4,051,315 reads, and after all the steps

of preprocessing (pair merging, trimming, quality filtering, and

chimera detection), a total of 2,325,681 (57.4%) were available

for further analysis. The samples showed a Good’s coverage

ranging from 99.90% to 99.98% indicating that less than 1% of

the reads in a given sample came from OTUs that appear only

once in that sample.

The alpha diversity of the samples displayed significant

differences between CD and healthy tissues for the Chao

(p = 0.014) and Shannon indexes (p = 0.045) (Supplementary

Figure 1), while no differences were observed for the evenness

index. The differences in the Chao index may evidence that rare

OTUs are enriched in healthy vs. CD tissues. The analysis of the

taxonomic composition revealed that more than 89% of the

sequences collected were classified into five phyla: Proteobacteria

(50.6%), Firmicutes (14.1%), Actinobacteria (9.5%),

Cyanobacteria (10.6%), and Tenericutes (6.1%). The relative

abundance of the five most represented microbial phyla in CD

and healthy tissues is reported in Figure 2.

In detail, in the affected tissue, we observed a particular

enrichment of the Tenericutes phylum which is relatively absent

in healthy tissue (Figure 2). In addition, we also explored any

genus differences between the two considered settings, and the

relative abundance of the five most represented microbial genera

in CD and healthy tissues is reported in Supplementary Figure 2.

Notably, we observed a particular enrichment of theMesoplasma

genus (belonging to the Tenericutes phylum) which is relatively

absent in non–inflamed tissue.

Moreover, PCoA analysis revealed significant differences

between healthy vs. inflamed tissues (Figure 3), and it was

possible to detect a clear clustering between the two groups.

Finally, the paired comparison of the abundance of single OTUs

revealed significant [p < 0.05, abs (logFC) ≥ 1] differences

between the two sample groups.

In detail, the phylum Tenericutes, the class Mollicutes, the

orders Entomoplasmatales and Mycoplasmatales, the families

Entomoplasmataceae and Mycoplasmataceae, and the genera

Mesoplasma, Mycoplasma, Anoxibacillus, Ralstonia, and
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A B

D

C

FIGURE 1

Box plot distribution of adherent bacteria counts (A), bacilli (B), and cocci (C) identified in healthy tissues and Crohn’s disease (CD) samples.
Analyses were assessed using the paired Wilcoxon signed–rank test, and p–values less than 0.05 were considered statistically significant.
Mucosa–associated bacteria in histological samples (D). Images collected at ×400 magnification indicate (A) H mucosa sample and (B) CD
sample. White arrows: bacteria present in the mucus contiguous to the mucosa. Insert magnification: bacteria. Scale bar: 20 µm.
FIGURE 2

Taxonomic composition of the paraffin–embedded ileal samples in ileal and CD tissues. The stacked bar plot shows the relative abundance of
the five more abundant bacterial phyla in each sample, the “Others” group contains phyla with ranks below five.
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Tepidimonas were significantly higher in CD tissue (Figure 4). On

the contrary, the class Negativicutes, the orders Pasteurellales,

Rodospirillales, and Selenomonadals, the families Prevotellaceae,

Flavobacteriaceae , Fusobacteriaceae , Pasteurellaceae ,

Caulobacteriaceae, Veillonellaceae, and Staphylococcaceae, and

the genera Fusobacterium, Prevotella, Neisseria, and Gemella

were significantly lower in CD tissue (Figure 4). This result

indicates a different regulation of the mucosal microbial

population in the two different settings, possibly due to the

different inflammatory environment that guides the selection of

certain bacterial populations over others. The graphical results of

the differential analysis of all taxonomic ranks are available

in Figures 4B.
Differences between first surgery vs.
surgical relapse

Dissimilar composition of the ileal microbiota
Based on clinical characteristics, we divided the patients into

two groups (a: first surgery and b: relapse) and compared the

respective microbial patterns in CD and healthy tissues. Starting

from the different comparisons, we have documented some

significant variations.

In the healthy tissue, we observed a trend (p = 0.06) in the

number of observed total bacteria and cocci, enriched in the first

surgery patients (Figures 5A, B), while in the affected tissue, no

significant differences were detected (data not shown).

The alpha diversity of the samples displayed no significant

differences for Chao, Shannon, and evenness indexes

(Supplementary Figures 3A) in CD and healthy tissues for both
Frontiers in Immunology 08
patient groups (Supplementary Figures 3A). In addition, beta

diversity displayed no significant clustering in CD and healthy

tissues for both subsets of patients (Supplementary Figures 4A).

However, the differential abundance analysis revealed

significant differences. In detail, regarding the CD tissue, the

family Bacillaceae 2 and the genus Nocardioides were

significantly higher in the first surgery compared to the relapse

patients, on the contrary, the family Brucellaceae and the genera

Escherichia/Shigella, Finegoldia, and Kocura were significantly

enriched in the relapse condition (Figure 6).

The analysis of the healthy tissue revealed that all differences

were focused on several genera: in particular, Antrobacter,

Capnocy tophaga , Gemmat imonas , Moraxe l la , and

Novosphingobium were all significantly augmented in the first

surgery patients, while Acholeplasma , Anoxibacillus ,

Cloacibacterium, and Proteus were decreased (Figure 6). The

meaning of these data may be linked to a perturbation of ileal

microbiota architecture at surgery time, with a consequent different

microbiota recolonization after ICR.

Discrepancies in the plasma levels of miR–155,
miR–223, and miR–423

Supposing that significant variations in ileal microbial

architecture could be mirrored in circulating factors,

associated with GM composition and expression, we selected

three specific circulating miRNAs related to GM activity and the

regulation of inflammation (37). In detail, we measured miR–

155, miR–223, and miR–423. We observed significant

differences between the first surgery and relapse patients in

terms of miR–223 (p = 0.0273) and miR–155 (p = 0.0413),

both being downregulated in recurrence patients compared to
FIGURE 3

Principal coordinate analysis using Bray–Curtis dissimilarity as a distance metric on square root–transformed percent abundance of identified
OTUs showing permuted p–value of general b dispersion and pairwise b dispersion of CD and healthy groups. The lines connect the samples
from the same patient.
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patients at first surgery (Figures 7A). miR–423 exhibited a

similar trend without reaching statistical significance

(Figure 7). This result suggested the activation of different

signaling pathways in relapse patients compared to those at

first surgery. In addition, this outcome may also indicate a

dissimilar regulation of the activated inflammatory pathways

involved in CD recurrence compared to first surgery.

Different serum FFA profiles
The production of SCFAs, the major bacterial fermentative

end–products, reflects the intestinal microbiota composition and

especially its function. In addition, given that SCFAs are crucial
Frontiers in Immunology 09
to health, maintaining the host gut physiology, and that a part of

them enters the systemic circulation (15), it is tempting to

speculate that GM composition could be also related to FFA

levels. We then performed qualitative and quantitative analyses

of serum FFAs, namely, linear SCFAs (acetic, propionic, butyric,

and valeric acids), branched SCFAs (isobutyric, isovaleric, 2–

ethylhexanoic, 2–methylbutyric, and cyclohexanoic acids),

MCFAs (hexanoic, heptanoic, octanoic, nonanoic, decanoic,

and dodecanoic acids) , and LCFAs (tetradecanoic,

hexadecenoic, and octadecanoic acids), between the first

surgery and relapse patients. We observed significantly higher

levels of two branched SCFAs, notably 2–methyl butyric
A

B

FIGURE 4

Segment plot depicting significantly different taxa (phylum, classes, families, orders, and genera) between CD (A) and healthy tissues (B). Lines
connect paired samples and highlight the differences in normalized abundance for the indicated rank. Red or blue colors highlight a decrease or
increase in CD vs. healthy tissues, respectively. Numbers on the top–left corner represent counts of decreased (red) and increased (blue)
measurement for paired samples. Plot titles report the shrunken log2 fold change between inflamed and non–inflamed tissues (according to the
DESeq2 function lfcShrink). All taxa tested have a p–value <0.05.
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(p = 0.0380) and isobutyric acids (p = 0.0245), and one MCFA,

namely, hexanoic acid (p = 0.0492), in relapse patients

(Figure 8). The meaning of this result may be connected to a

different expression of GM functionality between the first

surgery and relapse patients.

Correlation between miRNA profile, FFAs, and
ileal microbiota

Firstly, we correlated the levels of miR–155, miR–223, and

miR–423 with FFA profiles. Among all the correlations, we

identified only a negative association between miR–423 and the

total amount of SCFA in the serum (p = 0.0463) (Figure 7).

Next, in order to assess particular associations between

bacterial composition in ileal tissue and circulating bacterial

metabolites, as well as miRNAs, we correlated the levels of the

two SCFAs that were significantly changed between the first

surgery and relapse patients (2–methyl butyric and isobutyric

acids) with clades significantly altered in the same conditions

(both CD and healthy settings). In addition, we also assessed the

associations with hexanoic acid.

We documented the significant association only in the

healthy setting, notably, the genus Anoxybacillus (greatly

enriched in the healthy ileal tissue of relapse patients) was

negatively correlated (p < 0.05) with circulating 2–methyl

butyric and hexanoic acids (both reduced in the serum of

relapse patients). The correlation heatmap in CD and healthy

tissues is shown in Figure 9, and it is relevant because it

compares the obtained Spearman correlations in the two

analyzed settings, thus suggesting a potential involvement of
Frontiers in Immunology 10
healthy tissue microbiota in the regulation of circulating serum

inflammatory markers.

In the same way, we correlated the significantly changed

miRNAs between the first surgery and relapse patients (miR–223

and miR–155) with the abovementioned selected genera.

However, any significant correlation was found (data

not shown).
Risk factors for recurrence

By logistic regression analysis, among all the considered

parameters, we identified only the serum hexanoic acid as the

significant independent risk factor for surgical recurrence:

patients with hexanoic acid <1.4 µM (median value) were at

increased risk of recurrence compared to patients exhibiting

higher serum level of this MCFA (OR 18, 95% confidence

interval 1.24–261.81, p = 0.006). If confirmed by future

validated data, this outcome suggests that monitoring of

hexanoic acid level might be useful as a potential strategy for

recurrence predictor.
Discussion

A deeper understanding of CD recurrence mechanisms may

help clinicians refine treatment and improve outcomes. Recent

evidence supports the key role of an aberrant immune response

to the microbiota in the development of gut mucosal
A B

FIGURE 5

Box plot distribution of adherent bacteria counts (A) and cocci (B) identified in healthy samples from the first surgery and relapse patients.
Analyses were assessed using the Mann–Whitney paired test, and p–values less than 0.05 were considered statistically significant.
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inflammation, in both CD pathogenesis and recurrence.

However, the mechanisms regulating the interplay between the

host immune system and ileal microbiota, as well as the specific

changes occurring in GM composition and functionality, remain

to be defined. To shed light on these intricate relationships

between the actors of the “microbiota–immunity” axis, in our

previous pilot study, we explored this connection at the tissue

level, analyzing the molecular immune response distribution

within the ileal layers and evaluating the correlated mucosal

microbiota in pathological/healthy settings and in the first

surgery/relapse clinical conditions (14). Having observed a

dissimilarity of ileal cytokine distribution and mucosal

microbiota composition in the first surgery and relapse

patients, we wondered if even at the systemic level the

microbiota–immunity axis could be differently regulated,

leading to new possible recurrence circulating biomarkers’

detection (such as miRNAs and FFAs).
Frontiers in Immunology 11
To this aim, in this study, we explored the microbiome–

immunity axis at the systemic level, in a larger number of

patients (10 of the 28 patients were shared between the two

studies). In detail, we assessed ileal microbiota composition,

systemic functionality, and immunoregulation at the gene

expression level in the first surgery and recurrence conditions

and at the two different inflammatory tissue settings.

Firstly, the GM composition of CD patients was evaluated

in paraffin–embedded materials. Several findings suggest that

GM changes in CD, including decreased microbial diversity

and relative abundance, particularly of bacteria (38). CD

clinical lesions are usually seen in the distal ileum and

co lon , bo th o f wh ich have s ign ifican t mic rob i a l

concentrations. We investigated the bacterial wall adherence

in healthy and CD ileal tissues, in line with previous results

(38), we reported enrichment of total bacteria count in healthy

tissue, with an increase in bacillus morphology. On the other
A

B

FIGURE 6

Box plot showing the results of taxa differential abundance analysis between the first surgery and relapse patients, respectively, in CD (A) and
healthy tissues (B). The y–axis has been scaled to improve the readability of values. All results have an adjusted p–value <0.05.
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hand, the pathological tissue appeared depleted of bacteria,

suggesting a dysbiotic condition. Indeed, CD patients usually

present dysbiosis and reduced biodiversity in the GM

composition, linked to an increase in pro–inflammatory

bacteria and a decrease in anti–inflammatory bacteria (39).

So, in order to explore the taxonomy and, consequently, the

inflammatory nature of adherent GM, we performed an in–

depth taxonomic analysis. According to our previous pilot

results (14), the majority of the sequences collected in both

tissues (affected and healthy) were classified into five phyla:
Frontiers in Immunology 12
Proteobacteria (50.6%), Firmicutes (14.1%), Actinobacteria

(9.5%), Cyanobacteria (10.6%), and Tenericutes (6.1%). In

general, CD patients usually show a decreased number of

Firmicutes (40), on the other hand, the Proteobacteria phylum

has a well–preserved ecological pattern associated with

inflammation (41). Nevertheless, we are aware that the

quantity of Pseudomonas, a typical paraffin–embedded

contaminant genus, may have an effect on the amounts of

Proteobacteria detected (42), as we also reported in our

previous study (14).
A B

DC

FIGURE 7

Expression levels of miR–223 (A) and miR–155 (B) in plasma samples from CD patients with surgical recurrence (n = 12) compared to those at
first surgery (n = 16). Correlation between plasma levels of miR–423 and the total amount of SCFA in the serum of the same patient (C). (D)
Correlation between SCFA and miR–423. Data are expressed as mean ± SD.
FIGURE 8

Box plot reporting the statistically significantly different FFAs between the first surgery and relapse patients. Analyses were assessed using the
Mann–Whitney test, and p–values less than 0.05 were considered statistically significant. The asterisks (*) represent p–values: *p < 0.05.
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Successively, we compared the bacterial architecture

between the two examined settings (CD vs. healthy), finding

significant differences in alpha diversity expressed through the

Chao and Shannon indexes. Confirming our previous pilot

outcomes (14), the principal coordinate analysis documented

different microbial distribution between the two evaluated

tissues. In detail, we verified an increase of the Tenericutes

phylum, comprising Mycoplasma, in CD tissue. From a

biological point of view, Mycoplasma has a role in promoting

inflammation, indeed, lipopeptides from mycoplasmal

membranes have been postulated to promote chronicity and

higher immune responses than other bacteria [as reviewed in

(43)]. Additionally, the Prevotella genus was lower in CD tissue.

Prevotella prevalence is related to increased Th17–mediated

mucosal inflammation, which is consistent with the capacity

shown by Prevotella to drive Th17 immunological responses in

vitro. In line with our result, a study indicated reduced Prevotella

in pediatric Crohn’s disease (44). Furthermore, the most

comprehensive study to date found no association between

Prevotella and new‐onset Crohn’s disease before treatment (45).

Previous studies documented that distinct profiles of

mucosa–associated microbiota at the ICR and postoperatively

are associated with disease recurrence and remission,

respectively (46). On these premises, as well as based on our

previous pilot study (14), we performed a differential abundance

analysis between the relapse and first surgery patients. We did

not observe significant alterations between the two conditions at

the microscopy levels for both CD and healthy settings,

nevertheless, significant differences in microbiota signatures,

mostly at the genus level, were detected with NGS, pointing to

a different microbiota recolonization after ICR, as evidenced by a

recent study (47). However, compared to our pilot study, due to

the higher number of samples, we were able to further find

different taxa (Figures 6A). Indeed, regarding the affected tissue,

the family Bacillaceae was significantly higher in the first surgery

patients compared to the relapse patients. An increase in
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Bacillaceae was recently observed in UC patients, in relation to

healthy controls (48). This family is composed of aerobic spore–

formers, and their presence in the gut is related to the ingestion

of food and water. Bacillaceae is one of the rare Firmicutes

families that share a specific LPS, being highly immunogenic.

Indeed, it has recently been suggested that the efficiency of the

immune system may depend on the immunogenicity of

microbiota lipopolysaccharides (49). On the contrary, the

family Brucellaceae and the genera Escherichia/Shigella,

Finegoldia, and Kocura were significantly increased in the

relapse condition. Brucellaceae is a family of Gram–negative

bacteria involved in the progression of diseases of the central

nervous system, including those of affective and psychiatric

nature (50). Moreover, Escherichia/Shigella is a pro–

inflammatory genus related to intestinal inflamed conditions,

as it was previously found enriched in CRC patients (30, 51).

In healthy tissue, we observed that Antrobacter ,

Capnocy tophaga , Gemmat imonas , Moraxe l la , and

Novosphingobium were all significantly augmented in the first

surgery patients, while Acholeplasma , Anoxibacillus ,

Cloacibacterium, and Proteus were decreased. In particular,

Proteus belonging to Gram–negative facultative anaerobic

bacilli has been recently linked to CD recurrence after surgery

(52). We hypothesized an ICR influence on microbiota

architecture based on our observations of substantial

variations between the first surgery and recurrence patients,

possibly due to the removal of the ileocecal valve (ICV) as

discussed in our previous work (14).

Bacterial dysbiosis in CD patients increases intestinal barrier

permeability, which explains the pathophysiology of luminal

translocation of bacteria and their products (SCFAs) at the

systemic level, a common occurrence in CD, which promotes

a persistent inflammatory response in these patients. Many

recent studies have suggested that bacterial product

translocation causes uncontrolled systemic inflammation in

CD patients, due to the host’s circulating epigenetic fragments
FIGURE 9

Heatmap of the Spearman correlation values between significantly changed FFAs (rows) and taxa that were differently abundant in DESeq2
analyses (columns) between the first surgery and relapse patients. As it is an explorative analysis, non–adjusted p–values lower than 0.05 are
marked with an asterisk.
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(miRNAs), which are gut bacteria–associated. In detail, the

circulating miRNAs are attractive non–invasive biomarkers

with promising clinical values (53). However, few studies have

been performed on the relationship between miRNAs and the

different clinical CD conditions.

While in our previous pilot study we focused only on the

interplay of microbiota and immune response at the tissue level,

here, we studied also some microbial aspects of systemic

inflammation. miR–155 is a multifunctional miRNA, involved

in several biological processes such as hematopoiesis,

inflammation, and immunity, its putative targets include

several molecules of NF–kB signaling and the suppressor of

cytokine signaling (SCS1). miR–155 is reported to be

upregulated in the inflamed colonic mucosa of patients with

active UC (54–56). However, it plays both positive and negative

regulatory roles in immune responses, and it was hypothesized

that miR–155 is part of a negative feedback loop to dampen

inflammatory responses (57). Here, we reported a significant

decrease in the level of miR–155 in the plasma of patients with

surgical recurrence compared to those at the first surgery,

suggesting the activation of different signaling pathways

among these patients that deserve to be explored, to identify

the molecular mechanisms underlying the recurrent relapses

observed only in a subgroup of CD patients. We also observed

the same significant decrease for miR–223, a potent regulator of

some inflammatory responses. Its altered expression has been

linked to several immune disorders, including rheumatoid

arthritis and type 2 diabetes mellitus. It is differentially

expressed during macrophage polarization, and miR–223–

deficient macrophages were hypersensitive to LPS stimulation

and exhibited delayed responses to IL–4 (58).

Regarding miR–423, we did not observe a significant

difference between the first surgery and recurrence patients,

however, we detected a negative correlation with hexanoic

acid. In other words, when the hexanoic level is low (a risk

factor for recurrence), miR–423 increases. This is an intriguing

result as in a recent work, miR–423, inserted in a specific miRNA

signature, has shown a strong capacity to confirm the presence of

recurrence within 1 year of surgery, which could also help spare

patients from colonoscopies (59). It has been observed that this

miRNA appears with the establishment of recurrence and could

therefore be participating in the development of active lesions in

CD (59).

In addition, it has been reported in the literature that there

were differences in the GM and in microbial metabolism

depending on CD disease activity (60). We observed a

significant decrease of two circulating branched–chain fatty

acids (BCFAs), 2–methylbutyric and isobutyric acids, in

recurrence conditions. It is known that BCFAs are mainly

produced during the fermentation of branched–chain amino

acids, such as valine, leucine, and isoleucine, by the GM (61). In

the human intestine, the fermentation of BCFAs is carried out

mainly by the genera Bacteroides and Clostridium (62).
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Moreover, in our study, recurrence patients exhibited

diminished levels of hexanoic (caproic) acid, an MCFA whose

metabolic fate is b–oxidation to acetyl–CoA, oxidized in the

tricarboxylic acid cycle or converted to ketone bodies. Hexanoic

acid reduces the colonization and dysbiotic expansion of

potentially pathogenic bacteria in the gut (63). Even more

recently, MCFAs have been shown to support the

differentiation of some T helper (Th) lymphocytes, specifically

Th1 and Th17, and to suppress the development of regulatory T

cells (Tregs) (64). Hexanoic acid, in particular, seems to be

prototypically endowed with such pro–inflammatory properties,

which result from the activation of p38 MAPK signaling (64).

Notably, it can also be directly produced by some of the

microbiota bacteria such as Prevotella. In line with our result,

fecal levels of hexanoic acid were recently shown to be inversely

correlated with CD activity (65). In addition, our logistic

regression analysis identified serum hexanoic acid as a

significant independent risk factor for surgical recurrence.

However, we are aware of the limitation of this result, and to

translate these functional data into a more profound biological

disease understanding, more knowledge of the relevance of this

metabolite modulation is needed.

So far, FFA profiling mainly detects associations between

profiles and specific phenotypes, which may not always

be meaningful. In addition, we have to explore further whether

changes in metabolites are the cause or consequence of particular

CD conditions. Integration of other “omics” may enable a further

understanding of IBD–related pathophysiological processes.

Finally, in order to explore a possible different regulation of

GM functionality at the first surgery and recurrence conditions,

we evaluated the potential associations between significantly

changed clades and FFAs in CD vs. healthy settings in two

clinical conditions (Figure 9).

We observed a particular negative association of

Anoxybacillus (a bacillus significantly increased in healthy

tissue of recurrence patients) with 2–methyl butyric and

hexanoic acids, both reduced in the serum of recurrence

patients. The genus Anoxybacillus is composed of 22 species,

and it is interesting to highlight that some of them showed

immunomodulatory and immunostimulatory properties due to

the production of specific metabolites (66, 67). Our outcome

may suggest a direct association of this microbial pattern in CD

recurrence, however, we are not yet able to give mechanistic

explanations, which require a study on cellular or in–

vivo models.

Interestingly, in a previous study on CRC, according to the

bacterial driver–passenger model put forward by Tjalsma et al.

(68), Anoxybacillus was included in the group of driver bacteria

for CRC, being away from the tumor sites (i.e., adjacent non–

malignant tissue) (69). This model states that CRC development

is triggered by local mucosal colonization of drivers that cause

changes in the tumor microenvironment allowing for

colonization by opportunistic (passenger) bacteria or their by–
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products, i.e., metabolites, to pass through the epithelium, easing

disease progression (70). Each bacterium contributes to

carcinogenesis by a distinct microbial signature, such as the

production of deleterious metabolites or by–products,

stimulation or inhibition of local immune responses, or

modulation in gene expression. Making a parallelism with the

CRC bacterial driver–passenger model, we may speculate that

the microbial patterns that lead to the onset of recurrent

inflammation could be triggered by particular “driver” bacteria

that reside in healthy tissue. They may activate an aberrant local

immune response, leading to an increase in gut permeability and

translocation of microbial products in the systemic circulation,

promoting a vicious cycle with the production of epigenetic

regulators at the systemic level acting as inflammation

amplifiers. To corroborate this hypothesis, it is important to

notice that there is a recognized increased risk for CRC in

patients with IBD due to the extent of inflammatory change.

Even so, due to the small number of samples and the use of

paraffin–embedded methods (which are prone to biases introduced

by the embedding process and tissue archiving time), such analyses

should be improved in future studies to adequately describe the

complex scenario of the relationship between circulating pro– and

anti–inflammatory factors and intestinal microbiota composition.

Nonetheless, we are conscious that more human and animal model

studies will be required to reinforce our results, but there is no

dispute about the study’s innovativeness.
Conclusion

To sum up, this study was proposed as a continuation and

expansion of our previous pilot study (14) in which we examined

the relationships between immune response elements

(represented by cytokine levels in the serosa, submucosa, and

mucosa) and microbiota at the tissue level, in the first surgery

and relapse CD patients, demonstrating a different regulation

among the examined clinical conditions. We therefore studied

the architecture of mucosal GM in the same conditions as the

pilot study (14) but in a greater number of patients, confirming a

different ileal microbiota composition and abundance.

Unlike our previous study, in this research, we explored further

the differences at the systemic level, observing for the first time a

dissimilar regulation of ileal microbiota and circulating microbial–

associated inflammatory factors (SCAFs, BCFAs, and miRNAs)

between the first surgery and relapse CD patients, suggesting a

different involvement of the gut microbiota–immunity axis in the

two clinical conditions. Moreover, we also detected an association

between the serum hexanoic acid and recurrence risk that needs to

be further explored with prospective studies. Indeed, a

comprehensive and accurate analysis is imperative to identify

biomarkers of recurrence, performing targeted therapies in CD.

Finally, we observed for the first time on healthy ileal tissue the

potential involvement of the microbiome pathways in triggering
Frontiers in Immunology 15
recurrence determinants, pointing out that also GM eubiosis

maintenance may be crucial for CD early treatment adjustments.

Nonetheless, further mechanistic studies evaluating cellular and

humoral immune responses, GM alterations, and epigenetic

predisposition will help clinicians to better control and

personalize the management of patients with CD, thus avoiding

future post–surgery recurrences.
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SUPPLEMENTARY FIGURE 1

Box-plots showing alpha diversity indices (Chao1 index, Shannon index,

Evenness) in CD and healthy samples. Statistical differences were evaluated
using paired Wilcoxon signed-rank test for Chao, Shannon and Evenness

indices. P-values less than 0.05 were considered statistically significant.

SUPPLEMENTARY FIGURE 2

Taxonomic composition of paraffin-embedded ileal samples in ileal and

CD tissue. The stacked bar plot shows the relative abundance of the five

more abundant bacterial genus in each sample, The “Others” group
contains genus with ranks below five.

SUPPLEMENTARY FIGURE 3

Box-plots reporting alpha diversity indices (Chao1, Shannon and Eveness
index) in first surgery and relapse patients, for both CD (A) and Healthy

tissues (B). P-values less than 0.05 were considered statistically significant.

SUPPLEMENTARY FIGURE 4

Principal Coordinate Analysis using Bray-Curtis dissimilarity as a distance
metric on square root transformed percent abundance of identified OTUs

showing permuted p-value of general b dispersion and pairwise b dispersion of
CD and healthy groups. The lines connect the samples from the same patient.
References

1. Orlando A, Mocciaro F, Renna S, Scimeca D, Rispo A, Lia Scribano M, et al.
Early post–operative endoscopic recurrence in crohn's disease patients: data from
an Italian group for the study of inflammatory bowel disease (IG–IBD) study on a
large prospective multicenter cohort. J Crohns Colitis (2014) 8(10):1217–21.
doi: 10.1016/j.crohns.2014.02.010

2. Bernell O, Lapidus A, Hellers G. Risk factors for surgery and recurrence in
907 patients with primary ileocaecal crohn's disease. Br J Surg (2000) 87(12):1697–
701. doi: 10.1046/j.1365–2168.2000.01589.x

3. Zheng D, Liwinski T, Elinav E. Interaction between microbiota and immunity
in health and disease. Cell Res (2020) 30(6):492–506. doi: 10.1038/s41422–020–
0332–7

4. Romagnani P, Annunziato F, Baccari MC, Parronchi P. T Cells and cytokines
in crohn's disease. Curr Opin Immunol (1997) 9(6):793–9. doi: 10.1016/s0952–7915
(97)80180–x

5. Imhann F, Vich Vila A, Bonder MJ, Fu J, Gevers D, Visschedijk MC, et al.
Interplay of host genetics and gut microbiota underlying the onset and clinical
presentation of inflammatory bowel disease. Gut (2018) 67(1):108–19.
doi: 10.1136/gutjnl–2016–312135

6. Yue B, Luo X, Yu Z, Mani S, Wang Z, DouW. Inflammatory bowel disease: A
potential result from the collusion between gut microbiota and mucosal immune
system. Microorganisms (2019) 7(10):440. doi: 10.3390/microorganisms7100440

7. Amoroso C, Perillo F, Strati F, Fantini MC, Caprioli F, Facciotti F. The role of
gut microbiota biomodulators on mucosal immunity and intestinal inflammation.
Cells (2020) 9(5):1234. doi: 10.3390/cells9051234

8. Swidsinski A, Ladhoff A, Pernthaler A, Swidsinski S, Loening–Baucke V,
Ortner M, et al. Mucosal flora in inflammatory bowel disease. Gastroenterology
(2002) 122(1):44–54. doi: 10.1053/gast.2002.30294

9. Ryan FJ, Ahern AM, Fitzgerald RS, Laserna–Mendieta EJ, Power EM,
Clooney AG, et al. Colonic microbiota is associated with inflammation and host
epigenomic alterations in inflammatory bowel disease. Nat Commun (2020) 11
(1):1512. doi: 10.1038/s41467–020–15342–5

10. Kostic AD, Xavier RJ, Gevers D. The microbiome in inflammatory bowel
disease: current status and the future ahead. Gastroenterology (2014) 146(6):1489–
99. doi: 10.1053/j.gastro.2014.02.009
11. Mondot S, Lepage P, Seksik P, Allez M, Treton X, Bouhnik Y, et al.
Structural robustness of the gut mucosal microbiota is associated with crohn's
disease remission after surgery. Gut (2016) 65(6):954–62. doi: 10.1136/gutjnl–
2015–309184

12. Sokol H, Brot L, Stefanescu C, Auzolle C, Barnich N, Buisson A, et al.
Prominence of ileal mucosa–associated microbiota to predict postoperative
endoscopic recurrence in crohn's disease. Gut (2020) 69(3):462–72. doi: 10.1136/
gutjnl–2019–318719

13. Yilmaz B, Juillerat P, Oyas O, Ramon C, Bravo FD, Franc Y, et al. Microbial
network disturbances in relapsing refractory crohn's disease. Nat Med (2019) 25
(2):323–36. doi: 10.1038/s41591–018–0308–z

14. Russo E, Giudici F, Ricci F, Scaringi S, Nannini G, Ficari F, et al. Diving into
inflammation: A pilot study exploring the dynamics of the immune–microbiota
axis in ileal tissue layers of patients with crohn's disease. J Crohns Colitis (2021) 15
(9):1500–16. doi: 10.1093/ecco–jcc/jjab034

15. den Besten G, van Eunen K, Groen AK, Venema K, Reijngoud DJ, Bakker
BM. The role of short–chain fatty acids in the interplay between diet, gut
microbiota, and host energy metabolism. J Lipid Res (2013) 54(9):2325–40.
doi: 10.1194/jlr.R036012

16. Moloney GM, Viola MF, Hoban AE, Dinan TG, Cryan JF. Faecal
microRNAs: indicators of imbalance at the host–microbe interface? Benef
Microbes (2018) 9(2):175–83. doi: 10.3920/BM2017.0013

17. Hu S, Liu L, Chang EB, Wang JY, Raufman JP. Butyrate inhibits pro–
proliferative miR–92a by diminishing c–myc–induced miR–17–92a cluster
transcription in human colon cancer cells. Mol Cancer (2015) 14:180.
doi: 10.1186/s12943–015–0450–x

18. Peck BC, Mah AT, Pitman WA, Ding S, Lund PK, Sethupathy P. Functional
transcriptomics in diverse intestinal epithelial cell types reveals robust MicroRNA
sensitivity in intestinal stem cells to microbial status. J Biol Chem (2017) 292
(7):2586–600. doi: 10.1074/jbc.M116.770099

19. Zhou H, Xiao J, Wu N, Liu C, Xu J, Liu F, et al. MicroRNA–223 regulates the
differentiation and function of intestinal dendritic cells and macrophages by
targeting C/EBPbeta. Cell Rep (2015) 13(6):1149–60. doi: 10.1016/
j.celrep.2015.09.073
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2022.886468/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.886468/full#supplementary-material
https://doi.org/10.1016/j.crohns.2014.02.010
https://doi.org/10.1046/j.1365&ndash;2168.2000.01589.x
https://doi.org/10.1038/s41422&ndash;020&ndash;0332&ndash;7
https://doi.org/10.1038/s41422&ndash;020&ndash;0332&ndash;7
https://doi.org/10.1016/s0952&ndash;7915(97)80180&ndash;x
https://doi.org/10.1016/s0952&ndash;7915(97)80180&ndash;x
https://doi.org/10.1136/gutjnl&ndash;2016&ndash;312135
https://doi.org/10.3390/microorganisms7100440
https://doi.org/10.3390/cells9051234
https://doi.org/10.1053/gast.2002.30294
https://doi.org/10.1038/s41467&ndash;020&ndash;15342&ndash;5
https://doi.org/10.1053/j.gastro.2014.02.009
https://doi.org/10.1136/gutjnl&ndash;2015&ndash;309184
https://doi.org/10.1136/gutjnl&ndash;2015&ndash;309184
https://doi.org/10.1136/gutjnl&ndash;2019&ndash;318719
https://doi.org/10.1136/gutjnl&ndash;2019&ndash;318719
https://doi.org/10.1038/s41591&ndash;018&ndash;0308&ndash;z
https://doi.org/10.1093/ecco&ndash;jcc/jjab034
https://doi.org/10.1194/jlr.R036012
https://doi.org/10.3920/BM2017.0013
https://doi.org/10.1186/s12943&ndash;015&ndash;0450&ndash;x
https://doi.org/10.1074/jbc.M116.770099
https://doi.org/10.1016/j.celrep.2015.09.073
https://doi.org/10.1016/j.celrep.2015.09.073
https://doi.org/10.3389/fimmu.2022.886468
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Russo et al. 10.3389/fimmu.2022.886468
20. O'Connell RM, Rao DS, Chaudhuri AA, Baltimore D. Physiological and
pathological roles for microRNAs in the immune system. Nat Rev Immunol (2010)
10(2):111–22. doi: 10.1038/nri2708

21. Dorhoi A, Iannaccone M, Farinacci M, Fae KC, Schreiber J, Moura–Alves P,
et al. MicroRNA–223 controls susceptibility to tuberculosis by regulating lung
neutrophil recruitment. J Clin Invest (2013) 123(11):4836–48. doi: 10.1172/
JCI67604

22. Polytarchou C, Oikonomopoulos A, Mahurkar S, Touroutoglou A, Koukos
G, Hommes DW, et al. Assessment of circulating MicroRNAs for the diagnosis and
disease activity evaluation in patients with ulcerative colitis by using the nanostring
technology. Inflammation Bowel Dis (2015) 21(11):2533–9. doi: 10.1097/
MIB.0000000000000547

23. Schaefer JS, Montufar–Solis D, Vigneswaran N, Klein JR. Selective
upregulation of microRNA expression in peripheral blood leukocytes in IL–10–/
– mice precedes expression in the colon. J Immunol (2011) 187(11):5834–41.
doi: 10.4049/jimmunol.1100922

24. Iborra M, Bernuzzi F, Invernizzi P, Danese S. MicroRNAs in autoimmunity
and inflammatory bowel disease: crucial regulators in immune response.
Autoimmun Rev (2012) 11(5):305–14. doi: 10.1016/j.autrev.2010.07.002

25. ChenWX, Ren LH, Shi RH. Implication of miRNAs for inflammatory bowel
disease treatment: Systematic review. World J Gastrointest Pathophysiol (2014) 5
(2):63–70. doi: 10.4291/wjgp.v5.i2.63

26. Whiteoak SR, Felwick R, Sanchez–Elsner T, Fraser Cummings JR.
MicroRNAs in inflammatory bowel diseases: paradoxes and possibilities.
I nflamma t i on Bowe l D i s ( 2 015 ) 21 ( 5 ) : 1 16 0–5 . do i : 1 0 . 1 0 97 /
MIB.0000000000000288

27. Raisch J, Darfeuille–Michaud A, Nguyen HT. Role of microRNAs in the
immune system, inflammation and cancer. World J Gastroenterol (2013) 19
(20):2985–96. doi: 10.3748/wjg.v19.i20.2985

28. Wang M, Guo J, Zhao YQ, Wang JP. IL–21 mediates microRNA–423–5p
/claudin–5 signal pathway and intestinal barrier function in inflammatory bowel
disease. Aging (Albany NY) (2020) 12(16):16099–110. doi: 10.18632/aging.103566

29. Satsangi J, Silverberg MS, Vermeire S, Colombel JF. The Montreal
classification of inflammatory bowel disease: controversies, consensus, and
implications. Gut (2006) 55(6):749–53. doi: 10.1136/gut.2005.082909

30. Niccolai E, Russo E, Baldi S, Ricci F, Nannini G, Pedone M, et al. Significant
and conflicting correlation of IL–9 with prevotella and bacteroides in human
colorectal cancer. Front Immunol (2020) 11:573158. doi: 10.3389/
fimmu.2020.573158

31. Pagliai G, Russo E, Niccolai E, Dinu M, Di Pilato V, Magrini A, et al.
Influence of a 3–month low–calorie Mediterranean diet compared to the vegetarian
diet on human gut microbiota and SCFA: the CARDIVEG study. Eur J Nutr (2020)
59(5):2011–24. doi: 10.1007/s00394–019–02050–0

32. Albanese D, Fontana P, De Filippo C, Cavalieri D, Donati C. MICCA: a
complete and accurate software for taxonomic profiling of metagenomic data. Sci
Rep (2015) 5:9743. doi: 10.1038/srep09743

33. McMurdie PJ, Holmes S. Phyloseq: an r package for reproducible interactive
analysis and graphics of microbiome census data. PLoS One (2013) 8(4):e61217.
doi: 10.1371/journal.pone.0061217

34. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA–seq data with DESeq2. Genome Biol (2014) 15(12):550.
doi: 10.1186/s13059–014–0550–8

35. Willis A, Bunge J. Estimating diversity via frequency ratios. Biometrics
(2015) 71(4):1042–9. doi: 10.1111/biom.12332

36. Baldi S, Menicatti M, Nannini G, Niccolai E, Russo E, Ricci F, et al. Free fatty
acids signature in human intestinal disorders: Significant association between
butyric acid and celiac disease. Nutrients (2021) 13(3):742. doi: 10.3390/
nu13030742

37. Bi K, Zhang X, Chen W, Diao H. MicroRNAs regulate intestinal immunity
and gut microbiota for gastrointestinal health: A comprehensive review. Genes
(Basel) (2020) 11(9):1075. doi: 10.3390/genes11091075

38. Hedin CR, McCarthy NE, Louis P, Farquharson FM, McCartney S, Taylor
K, et al. Altered intestinal microbiota and blood T cell phenotype are shared by
patients with crohn's disease and their unaffected siblings. Gut (2014) 63(10):1578–
86. doi: 10.1136/gutjnl–2013–306226

39. Manichanh C, Borruel N, Casellas F, Guarner F. The gut microbiota in IBD.
Nat Rev Gastroenterol Hepatol (2012) 9(10):599–608. doi: 10.1038/nrgastro.2012.152

40. Erickson AR, Cantarel BL, Lamendella R, Darzi Y, Mongodin EF, Pan C,
et al. Integrated metagenomics/metaproteomics reveals human host–microbiota
signatures of crohn's disease. PLoS One (2012) 7(11):e49138. doi: 10.1371/
journal.pone.0049138

41. Winter SE, Baumler AJ. Why related bacterial species bloom simultaneously
in the gut: principles underlying the 'Like will to like' concept. Cell Microbiol (2014)
16(2):179–84. doi: 10.1111/cmi.12245
Frontiers in Immunology 17
42. Pinto–Ribeiro I, Ferreira RM, Pereira–Marques J, Pinto V, Macedo G,
Carneiro F, et al. Evaluation of the use of formalin–fixed and paraffin–embedded
archive gastric tissues for microbiota characterization using next–generation
sequencing. Int J Mol Sci (2020) 21(3):1096. doi: 10.3390/ijms21031096

43. Roediger WE. Intestinal mycoplasma in crohn's disease. Novartis Found
Symp (2004) 263:85–93. doi: 10.1002/0470090480.ch7

44. Lewis JD, Chen EZ, Baldassano RN, Otley AR, Griffiths AM, Lee D, et al.
Inflammation, antibiotics, and diet as environmental stressors of the gut
microbiome in pediatric crohn's disease. Cell Host Microbe (2017) 22(2):247.
doi: 10.1016/j.chom.2017.07.011

45. Gevers D, Kugathasan S, Denson LA, Vazquez–Baeza Y, Van Treuren W,
Ren B, et al. The treatment–naive microbiome in new–onset crohn's disease. Cell
Host Microbe (2014) 15(3):382–92. doi: 10.1016/j.chom.2014.02.005

46. De Cruz P, Kang S, Wagner J, Buckley M, Sim WH, Prideaux L, et al.
Association between specific mucosa–associated microbiota in crohn's disease at
the time of resection and subsequent disease recurrence: a pilot study. J
Gastroenterol Hepatol (2015) 30(2):268–78. doi: 10.1111/jgh.12694

47. Machiels K, Pozuelo Del Rio M, Martinez–De la Torre A, Xie Z, Pascal
Andreu V, Sabino J, et al. Early postoperative endoscopic recurrence in crohn's
disease is characterized by distinct microbiota recolonization. J Crohns Colitis
(2020) 14(11):1535–46. doi: 10.1093/ecco–jcc/jjaa081

48. Zakerska–Banaszak O, Tomczak H, Gabryel M, Baturo A, Wolko L,
Michalak M, et al. Dysbiosis of gut microbiota in polish patients with ulcerative
colitis: a pilot study. Sci Rep (2021) 11(1):2166. doi: 10.1038/s41598–021–81628–3

49. Vatanen T, Kostic AD, d'Hennezel E, Siljander H, Franzosa EA, Yassour M,
et al. Variation in microbiome LPS immunogenicity contributes to autoimmunity
in humans. Cell (2016) 165(4):842–53. doi: 10.1016/j.cell.2016.04.007

50. Schwarz E, Maukonen J, Hyytiainen T, Kieseppa T, Oresic M, Sabunciyan S,
et al. Analysis of microbiota in first episode psychosis identifies preliminary
associations with symptom severity and treatment response. Schizophr Res
(2018) 192:398–403. doi: 10.1016/j.schres.2017.04.017

51. Wang T, Cai G, Qiu Y, Fei N, Zhang M, Pang X, et al. Structural segregation
of gut microbiota between colorectal cancer patients and healthy volunteers. ISME J
(2012) 6(2):320–9. doi: 10.1038/ismej.2011.109

52. Zhang J, Hoedt EC, Liu Q, Berendsen E, Teh JJ, Hamilton A, et al.
Elucidation of Proteus mirabilis as a key bacterium in crohn's disease
inflammation. Gastroenterology (2021) 160(1):317–30.e11. doi: 10.1053/
j.gastro.2020.09.036

53. Kalla R, Ventham NT, Kennedy NA, Quintana JF, Nimmo ER, Buck AH,
et al. MicroRNAs: new players in IBD. Gut (2015) 64(3):504–17. doi: 10.1136/
gutjnl–2014–307891

54. Takagi T, Naito Y, Mizushima K, Hirata I, Yagi N, Tomatsuri N, et al.
Increased expression of microRNA in the inflamed colonic mucosa of patients with
active ulcerative colitis. J Gastroenterol Hepatol (2010) 25 Suppl 1:S129–33.
doi: 10.1111/j.1440–1746.2009.06216.x

55. Valmiki S, Ahuja V, Paul J. MicroRNA exhibit altered expression in the
inflamed colonic mucosa of ulcerative colitis patients.World J Gastroenterol (2017)
23(29):5324–32. doi: 10.3748/wjg.v23.i29.5324

56. Guz M, Dworzanski T, Jeleniewicz W, Cybulski M, Kozicka J, Stepulak A,
et al. Elevated miRNA inversely correlates with e–cadherin gene expression in
tissue biopsies from crohn disease patients in contrast to ulcerative colitis patients.
BioMed Res Int (2020) 2020:4250329. doi: 10.1155/2020/4250329

57. Ceppi M, Pereira PM, Dunand–Sauthier I, Barras E, Reith W, Santos MA,
et al. MicroRNA–155 modulates the interleukin–1 signaling pathway in activated
human monocyte–derived dendritic cells. Proc Natl Acad Sci U.S.A. (2009) 106
(8):2735–40. doi: 10.1073/pnas.0811073106

58. Zhuang G, Meng C, Guo X, Cheruku PS, Shi L, Xu H, et al. A novel regulator
of macrophage activation: miR–223 in obesity–associated adipose tissue
inflammation. Circulation (2012) 125(23):2892–903. doi: 10.1161/
CIRCULATIONAHA.111.087817

59. Moret–Tatay I, Cerrillo E, Hervas D, Iborra M, Saez–Gonzalez E, Forment J,
et al. Specific plasma MicroRNA signatures in predicting and confirming crohn's
disease recurrence: Role and pathogenic implications. Clin Transl Gastroenterol
(2021) 12(10):e00416. doi: 10.14309/ctg.0000000000000416

60. Forbes JD, Van Domselaar G, Bernstein CN. Microbiome survey of the
inflamed and noninflamed gut at different compartments within the
gastrointestinal tract of inflammatory bowel disease patients. Inflammation
Bowel Dis (2016) 22(4):817–25. doi: 10.1097/MIB.0000000000000684

61. Russo E, Giudici F, Fiorindi C, Ficari F, Scaringi S, Amedei A.
Immunomodulating activity and therapeutic effects of short chain fatty acids and
tryptophan post–biotics in inflammatory bowel disease. Front Immunol (2019)
10:2754. doi: 10.3389/fimmu.2019.02754

62. Macfarlane S, Macfarlane GT. Regulation of short–chain fatty acid
production. Proc Nutr Soc (2003) 62(1):67–72. doi: 10.1079/PNS2002207
frontiersin.org

https://doi.org/10.1038/nri2708
https://doi.org/10.1172/JCI67604
https://doi.org/10.1172/JCI67604
https://doi.org/10.1097/MIB.0000000000000547
https://doi.org/10.1097/MIB.0000000000000547
https://doi.org/10.4049/jimmunol.1100922
https://doi.org/10.1016/j.autrev.2010.07.002
https://doi.org/10.4291/wjgp.v5.i2.63
https://doi.org/10.1097/MIB.0000000000000288
https://doi.org/10.1097/MIB.0000000000000288
https://doi.org/10.3748/wjg.v19.i20.2985
https://doi.org/10.18632/aging.103566
https://doi.org/10.1136/gut.2005.082909
https://doi.org/10.3389/fimmu.2020.573158
https://doi.org/10.3389/fimmu.2020.573158
https://doi.org/10.1007/s00394&ndash;019&ndash;02050&ndash;0
https://doi.org/10.1038/srep09743
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1186/s13059&ndash;014&ndash;0550&ndash;8
https://doi.org/10.1111/biom.12332
https://doi.org/10.3390/nu13030742
https://doi.org/10.3390/nu13030742
https://doi.org/10.3390/genes11091075
https://doi.org/10.1136/gutjnl&ndash;2013&ndash;306226
https://doi.org/10.1038/nrgastro.2012.152
https://doi.org/10.1371/journal.pone.0049138
https://doi.org/10.1371/journal.pone.0049138
https://doi.org/10.1111/cmi.12245
https://doi.org/10.3390/ijms21031096
https://doi.org/10.1002/0470090480.ch7
https://doi.org/10.1016/j.chom.2017.07.011
https://doi.org/10.1016/j.chom.2014.02.005
https://doi.org/10.1111/jgh.12694
https://doi.org/10.1093/ecco&ndash;jcc/jjaa081
https://doi.org/10.1038/s41598&ndash;021&ndash;81628&ndash;3
https://doi.org/10.1016/j.cell.2016.04.007
https://doi.org/10.1016/j.schres.2017.04.017
https://doi.org/10.1038/ismej.2011.109
https://doi.org/10.1053/j.gastro.2020.09.036
https://doi.org/10.1053/j.gastro.2020.09.036
https://doi.org/10.1136/gutjnl&ndash;2014&ndash;307891
https://doi.org/10.1136/gutjnl&ndash;2014&ndash;307891
https://doi.org/10.1111/j.1440&ndash;1746.2009.06216.x
https://doi.org/10.3748/wjg.v23.i29.5324
https://doi.org/10.1155/2020/4250329
https://doi.org/10.1073/pnas.0811073106
https://doi.org/10.1161/CIRCULATIONAHA.111.087817
https://doi.org/10.1161/CIRCULATIONAHA.111.087817
https://doi.org/10.14309/ctg.0000000000000416
https://doi.org/10.1097/MIB.0000000000000684
https://doi.org/10.3389/fimmu.2019.02754
https://doi.org/10.1079/PNS2002207
https://doi.org/10.3389/fimmu.2022.886468
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Russo et al. 10.3389/fimmu.2022.886468
63. Van Immerseel F, De Buck J, Boyen F, Bohez L, Pasmans F, Volf J, et al.
Medium–chain fatty acids decrease colonization and invasion through hilA
suppression shortly after infection of chickens with salmonella enterica serovar
enteritidis. Appl Environ Microbiol (2004) 70(6):3582–7. doi: 10.1128/
AEM.70.6.3582–3587.2004

64. Haghikia A, Jorg S, Duscha A, Berg J, Manzel A, Waschbisch A, et al.
Dietary fatty acids directly impact central nervous system autoimmunity via the
small intestine. Immunity (2015) 43(4):817–29. doi: 10.1016/j.immuni.
2015.09.007

65. De Preter V, Machiels K, Joossens M, Arijs I, Matthys C, Vermeire S, et al.
Faecal metabolite profiling identifies medium–chain fatty acids as discriminating
compounds in IBD. Gut (2015) 64(3):447–58. doi: 10.1136/gutjnl–2013–306423

66. Wang GX, Wang Y, Wu ZF, Jiang HF, Dong RQ, Li FY, et al.
Immunomodulatory effects of secondary metabolites from thermophilic
Frontiers in Immunology 18
anoxybacillus kamchatkensis XA–1 on carp, cyprinus carpio. Fish Shellfish
Immunol (2011) 30(6):1331–8. doi: 10.1016/j.fsi.2011.03.011

67. Liu J, Lei Y, Wang F, Yi Y, Liu Y, Wang G. Immunostimulatory activities of
specific bacterial secondary metabolite of anoxybacillus flavithermus strain SX–4
on carp, cyprinus carpio. J Appl Microbiol (2011) 110(4):1056–64. doi: 10.1111/
j.1365–2672.2011.04963.x

68. Tjalsma H, Boleij A, Marchesi JR, Dutilh BE. A bacterial driver–passenger
model for colorectal cancer: beyond the usual suspects.Nat Rev Microbiol (2012) 10
(8):575–82. doi: 10.1038/nrmicro2819

69. Geng J, Fan H, Tang X, Zhai H, Zhang Z. Diversified pattern of the human
colorectal cancer microbiome.Gut Pathog (2013) 5(1):2. doi: 10.1186/1757–4749–5–2

70. Russo E, Taddei A, Ringressi MN, Ricci F, Amedei A. The interplay between
the microbiome and the adaptive immune response in cancer development. Therap
Adv Gastroenterol (2016) 9(4):594–605. doi: 10.1177/1756283X16635082
frontiersin.org

https://doi.org/10.1128/AEM.70.6.3582&ndash;3587.2004
https://doi.org/10.1128/AEM.70.6.3582&ndash;3587.2004
https://doi.org/10.1016/j.immuni.2015.09.007
https://doi.org/10.1016/j.immuni.2015.09.007
https://doi.org/10.1136/gutjnl&ndash;2013&ndash;306423
https://doi.org/10.1016/j.fsi.2011.03.011
https://doi.org/10.1111/j.1365&ndash;2672.2011.04963.x
https://doi.org/10.1111/j.1365&ndash;2672.2011.04963.x
https://doi.org/10.1038/nrmicro2819
https://doi.org/10.1186/1757&ndash;4749&ndash;5&ndash;2
https://doi.org/10.1177/1756283X16635082
https://doi.org/10.3389/fimmu.2022.886468
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Crohn’s disease recurrence updates: first surgery vs. surgical relapse patients display different profiles of ileal microbiota and systemic microbial-associated inflammatory factors
	Introduction
	Materials and methods
	Patients
	Bacterial wall adherence
	Characterization of paraffin–embedded tissue microbiota
	miRNA analyses
	Evaluation of FFAs by GC–MS analysis
	Statistical analysis

	Results
	Microbiota analysis in CD vs. healthy ileal mucosa
	Distinct bacterial wall adherence in CD vs. healthy ileal mucosa
	Dysbiotic variation of the ileal microbiota

	Differences between first surgery vs. surgical relapse
	Dissimilar composition of the ileal microbiota
	Discrepancies in the plasma levels of miR–155, miR–223, and miR–423
	Different serum FFA profiles
	Correlation between miRNA profile, FFAs, and ileal microbiota

	Risk factors for recurrence

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


