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Background: Crohn’s disease (CD) is characterized by an inflammatory response to gut microbiota. Macrophages and dendritic cells play an ac-
tive role in CD inflammation. Specific microbiota have been implicated in the pathogenesis of ileal CD. We investigated the phagocyte-associated 
microbiome using an unbiased sequencing approach to identify potential pathobionts and elucidate the host response to these microbes.
Methods: We collected ileal and colonic mucosal biopsies from CD patients and controls without inflammatory bowel disease (IBD), isolated 
lamina propria phagocytes (CD11b+ cells), and performed deep RNA sequencing (n = 37). Reads were mapped to the human genome for host gene 
expression analysis and a prokaryotic database for microbiome taxonomic and metatranscriptomic profiling. Results were confirmed in a second 
IBD cohort (n = 17). Lysed lamina propria cells were plated for bacterial culturing; isolated colonies underwent whole genome sequencing (n = 11).
Results: Crohn’s disease ileal phagocytes contained higher relative abundances of Escherichia coli, Ruminococcus gnavus, and Enterocloster 
spp. than those from controls. CD phagocyte-associated microbes had increased expression of lipopolysaccharide (LPS) biosynthesis pathways. 
Phagocytes with a higher pathobiont burden showed increased expression of pro-inflammatory and antimicrobial genes, including PI3 
(antimicrobial peptide) and BPIFB1 (LPS-binding molecule). E. coli isolated from the CD lamina propria had more flagellar motility and antibiotic 
resistance genes than control-derived strains.
Conclusions: Lamina propria resident phagocytes harbor bacterial strains that may act as pathobionts in CD. Our findings shed light on the role 
of pathobionts and the immune response in CD pathogenesis and suggest new targets for therapies.

Lay Summary 
We investigated the phagocyte-associated microbiome in Crohn’s disease patients. Diverse pathobionts within lamina propria phagocytes dis-
played shared virulence factors (including increased expression of lipopolysaccharide biosynthesis and antimicrobial resistance pathways) and 
were linked to an inflammatory profile, potentially perpetuating disease.
Key Words: inflammatory bowel disease, microbiome, metatranscriptome, lipopolysaccharide

Introduction
Crohn’s disease (CD), a subtype of inflammatory bowel 
disease (IBD), is an immune-mediated disorder of the gas-
trointestinal tract in which chronic inflammation occurs in 
the absence of a known pathogen. The disease is thought to 
arise from an aberrant inflammatory response to gut micro-
biota.1 Compared to the microbiome of healthy individuals, 

the IBD microbiome is characterized by a decreased abun-
dance of Firmicutes and butyrate-producing bacteria (eg, 
Faecalibacterium prausnitzii) and increased Proteobacteria 
and Actinobacteria.1,2 Specific pathobionts have also been 
implicated in IBD pathogenesis; these species are native to 
the gut environment but may cause inflammation in suscep-
tible individuals. For example, adherent invasive Escherichia 
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coli (AIEC) and Clostridium innocuum have been identified 
in ileal biopsies and resections from CD patients.3,4 However, 
each of these pathobionts has only been observed in a subset 
of CD patients,3,4 and studies have not definitively proven the 
causal role of these microbes in CD pathogenesis.

The exact relationship between microbes and the immune 
system in IBD pathogenesis remains unclear partially due to 
the limited methods for studying host-microbe interactions in 
IBD. 16S rRNA gene sequencing provides limited taxonomic 
information and no functional information, while shotgun 
metagenomics is challenging to perform on tissue samples 
against the high background levels of host genes. Furthermore, 
most microbiome studies have used stool samples, which are 
not completely representative of the microbiome at the gut 
mucosal interface or within the mucosa.3,5 Therefore, the ma-
jority of IBD microbiome studies have been unable to iden-
tify specific causal organisms and have been limited in their 
conclusions.

Within the gut mucosa, phagocytic immune cells such as 
macrophages and dendritic cells interface with microbes at 
the luminal surface and within the lamina propria. In IBD, the 
function of these cells may be impaired: many CD suscepti-
bility genes (including ATG16L1, CARD9, and NOD2) are 
related to microbial recognition and clearance.6,7 Furthermore, 
certain pathobionts may have the capacity to cross the epithe-
lial barrier and reside inside lamina propria cells to escape 
detection and clearance by the immune system. For example, 
AIEC can colonize macrophages in vitro and potentially 
trigger the formation of non-caseating granulomas in CD.8 
We posited that studying gut mucosal phagocytes and their 
associated pathobionts may provide a key to understanding 
CD pathogenesis.

In a previous study, we demonstrated that the lamina propria 
phagocyte-associated microbiome is distinct from the mucosa-
associated microbiome.9 We found that IBD-specific dysbiotic 
trends such as increased abundance of Proteobacteria and 
Actinobacteria were magnified in the phagocyte-associated 
microbiome and that Enterobacteriaceae were associated 
with the expression of pro-inflammatory genes such as IL1B, 
chemokine (C-X-C motif ligand 8 [CXCL8], and NOD-, 
LRR-, and pyrin-domain containing protein 3 [NLRP3]). 
However, the methods used (16S rRNA gene sequencing and 

NanoString) were inherently limited, and the lack of healthy 
control samples restricted our conclusions.

In the current study, we aimed to identify bacteria at the 
species level and phagocyte responses unique to CD by 
comparing samples from CD patients to those from non-IBD 
controls. We used RNA sequencing to capture host and mi-
crobial sequences, which we subsequently analyzed to deter-
mine microbial composition, microbial functions, host gene 
expression, and correlations between these. We found that 
several taxa had increased abundance in CD phagocytes, par-
ticularly in the ileum, and that CD-associated microbes had 
shared functions including lipopolysaccharide (LPS) synthesis 
and antimicrobial resistance (AMR). We corroborated several 
of our findings in a second cohort using an RNA sequencing 
dataset from a previous study. In addition, we isolated E. coli 
strains from both CD patients and controls and found that 
CD strains were enriched for flagellar motility and AMR 
genes. Our findings help illuminate the role of microbial-
immune interactions in CD pathogenesis and suggest targets 
for future therapies.

Materials and Methods
Subject Enrollment and Sample Collection
CD patients and non-IBD controls were enrolled through our 
ongoing biospecimen collection at the University of Miami 
Crohn’s and Colitis Center (Institutional Review Board 
approval: 20081100). Notably, we focused on recruiting 
patients with ileal disease; patients could have ileal disease 
with or without colonic involvement. Non-IBD controls were 
undergoing screening colonoscopies and had no gastrointes-
tinal symptoms (bleeding, diarrhea) and no personal history 
of gastrointestinal disease, autoimmune disease, or cancer. 
Samples were collected from inflamed sites when possible (ie, 
patients with active CD). Site inflammation was determined 
from the endoscopist’s interpretation and the pathologist’s 
histology report. Four to 6 gut mucosal biopsies were taken 
from the terminal ileum and/or ascending colon using jumbo 
forceps. Biopsies were placed in HypoThermosol solution 
(MilliporeSigma) and brought to the laboratory for same-day 
processing.

Sample Processing and RNA Extraction
Gut mucosal biopsies were washed and suspended in 
Dulbecco’s modified Eagle medium (DMEM) with 8 µg/
mL of gentamicin, 10 mM dithiothreitol, and 0.5 mM 
ethylenediaminetetraacetic acid. Samples were incubated at 
room temperature with shaking for 20 minutes, after which 
the supernatant, containing the majority of epithelial cells 
from the biopsies, was removed. The remaining biopsy tissue 
was washed and resuspended in DMEM with 8 µg/mL of gen-
tamicin, 250 µg/mL of Liberase (MilliporeSigma), and 10 µg/
mL DNase I (Lucigen). Samples were incubated at 37 °C with 
shaking for 45 minutes to dissociate the tissue, further me-
chanically dissociated by repeat pipetting, and filtered with 
a 70-µm strainer to produce single-cell suspensions. Samples 
were then labeled with CD11b MicroBeads (Miltenyi Biotec) 
for positive selection with magnetic-activated cell separa-
tion on LS columns (Miltenyi Biotec). RNase-free pellet 
pestles were used to gently lyse CD11b+ cells and intracel-
lular microbes in RLT buffer with 10% β-mercaptoethanol. 
RNA extraction was performed using the AllPrep DNA/

Key Messages

What is already known?

•	 Crohn’s disease (CD) is characterized by an inflammatory 
response to gut microbiota, but identification of spe-
cific pathobionts and their relationship to inflammatory 
pathways has been elusive.

What is new here?

•	 We found that lamina propria phagocytes harbored spe-
cific bacterial species that may act as pathobionts in CD 
and exhibited increased expression of pro-inflammatory 
and antimicrobial genes in response.

How can this study help patient care?

•	 Our findings suggest new targets for therapies, such as 
targeting lipopolysaccharide-interacting genes and tai-
loring treatments to each patients’ microbiome.
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RNA Kit (QIAGEN). Our previous study10 showed that this 
method largely enriches phagocytes, including granulocytes, 
macrophages, monocytes, and dendritic cells.

RNA Sequencing
Sufficient quantities of RNA for sequencing were obtained 
from 37 samples. Libraries were prepped and sequenced at the 
University of Miami’s John P. Hussman Institute for Human 
Genomics Sequencing Core. Total RNA was prepped with 
the TECAN Universal Plus Total RNA-Seq with NuQuant®, 
Human AnyDeplete using 5-60 ng via Qubit and 19 cycles of 
polymerase chain reaction (PCR). Libraries were sequenced 
on 6 lanes of Illumina NovaSeqX, and>100M PE150 reads 
were generated per sample.

RNA Sequencing Bioinformatics Analysis
Of the sequenced samples, 2 samples from one CD patient 
were excluded from the study due to a confounding acute in-
fection. The remaining 15 ileum and 20 colon samples were 
included in the analysis. An additional 17 ileal samples from 
a prior study10 (GSE183620) were analyzed in the confirma-
tory cohort.

Host and microbial RNA sequencing analyses were 
performed using CLC Genomics Workbench v23.0 and v24.0 
(QIAGEN). Raw FASTQ files were trimmed, quality checked, 
and mapped to the human genome (hg38; Ensembl v106.1) 
to generate human transcript and gene expression tracks. 
Unmapped reads were saved for microbial analysis. Human 
gene expression tracks were normalized to reads per kilobase 
of exon model per million mapped reads. The Differential 
Expression for RNA-Seq tool, which uses multi-factorial 
statistics based on a negative binomial general linear model, 
was used to generate lists of differentially expressed genes 
and create volcano plots for various comparisons (eg, CD 
vs control). The Gene Set Test tool was used to determine if 
Gene Ontology (GO) terms were over-represented in the dif-
ferentially expressed genes using a hypergeometric test. The 
significance threshold for differential gene expression and 
gene set tests was set at a false discovery rate (FDR)-adjusted 
P-value < .05, with a log2 fold change of 2 or more.

Reads that did not map to the human genome (“unmapped 
reads”) were mapped to the QIAGEN Microbial Insights–
Prokaryotic Taxonomy Database (QMI-PTDB) Genus v2.0 
for taxonomic profiling. This curated database containing 
all genera is optimized for balanced taxonomic representa-
tion and contains one representative genome per bacterial or 
archaeal species. The CLC Genomics Workbench software 
uses a microbial mapping tool that has a low false positive 
rate compared to other popular tools.11 Differential relative 
abundance was calculated using the Differential Abundance 
Analysis tool based on a generalized linear model. Significance 
was determined using the Wald test, with the significance 
threshold set at an FDR-adjusted P-value < .05. Differential 
abundance in comparisons between the CD and control 
groups was calculated at each taxonomic level for ileum and 
colon samples separately.

For functional profiling, a sequence list of detected taxa was 
subset from the QMI-PTDB and annotated with GO terms. 
The number of reads mapping to GO terms or protein family 
(Pfam) domains was calculated using the Build Functional 
Profile tool. GO functional profiles or Pfam domains were 
statistically compared between CD and control groups using 

the Differential Abundance Analysis tool. The significance 
threshold was set at an FDR-adjusted P-value < .05, with a 
log2 fold change of 1.5 or more.

AMR marker gene profiling was performed using the 
ShortBRED tool using the QMI-AMR Peptide Marker 
Database (7.0). The Differential Abundance Analysis tool was 
used to compare AMR gene counts in CD and control groups.

E. coli Isolation and DNA Extraction
A portion of lamina propria cells were lysed using a mamma-
lian cell lysis buffer (1% Triton X-100 in water) and plated 
on Klebsiella-selective media (MilliporeSigma) to select for 
Enterobacteriaceae (Escherichia, Klebsiella, Salmonella, 
etc.). Plates were incubated at 37 °C for 24 hours. Individual 
colonies were counted, and one colony per positive sample 
was selected for whole genome sequencing. The selected col-
onies were grown overnight in brain heart infusion broth 
(MilliporeSigma) and then centrifuged at 3000 × g for 5 
minutes to form pellets. Pellets were lysed in RLT buffer 
(QIAGEN), and DNA was extracted using the DNeasy Blood 
and Tissue Kit (QIAGEN) optimized for Gram-negative bac-
teria. The final resulting isolate DNA from 9 different pa-
tient samples was frozen and sent on dry ice overnight to 
CosmosID Inc. for whole genome sequencing.

Whole Genome Sequencing and Bioinformatics 
Analysis of E. coli Isolates
Whole genome sequencing was performed by CosmosID Inc. 
Briefly, DNA samples were quantified with Qubit 4 fluorom-
eter and QubitTM dsDNA HS Assay Kit (Thermo Fisher 
Scientific). Libraries were prepared with IDT Unique Dual 
Indexes using the Nextera XT DNA Library Preparation 
Kit (Illumina) and purified using AMpure magnetic beads 
(Beckman Coulter, Brea, CA) in EB buffer (QIAGEN). 
Libraries were then sequenced on Illumina NovaSeq PE150.

CosmosID Inc. performed de novo genome assembly and 
genome quality assessment and created a single nucleotide 
polymorphism (SNP) tree based on core genome phylogeny. 
Briefly, raw fastq files were trimmed and processed using 
BBDuk. The trimmed fastqs were assembled using SPAdes, 
and assembly completeness was evaluated using CheckM’s 
lineage_wf function. The assembled contigs for each isolate 
were then processed with Parsnp to align to the core genome 
and FastTree2 to construct a phylogenomic tree.

CLC Genomics Workbench versions 23.0 and 24.0 
(QIAGEN) were used for further analysis of E. coli isolates, 
including functional profiling and AMR gene set analysis, 
as described above in the RNA sequencing bioinformatics 
analysis.

Statistical Analysis
Comparisons between CD and control groups were performed 
using unpaired t-tests (for normally distributed contin-
uous data) or Mann-Whitney U tests (non-normally distrib-
uted continuous data). Categorical demographic data were 
compared using chi-square tests and Fisher’s exact tests. The 
significance threshold for these tests was set at P-value < .05.

Other bioinformatics analysis tools from the CLC 
Genomics Workbench software described above used custom 
statistical calculations curated for each tool (Differential 
Expression for RNA-Seq, Gene Set Test, and Differential 
Abundance Analysis). The significance threshold for AMR 
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gene differential abundance was set at P-value < .1 due to 
the short list of genes/phenotypes compared. The significance 
threshold for all other bioinformatics analyses was set at an 
FDR-adjusted P-value < .05.

Results
Patient and Sample Characteristics
CD patients and non-IBD controls undergoing screening 
colonoscopies were enrolled during endoscopy at the 
University of Miami Health system. The majority of patients 
were Hispanic, reflecting the large Hispanic population in our 
study area. From each patient, we collected 6 biopsies per 
sample from the ileum and the colon. CD patients underwent 
colonoscopy for disease monitoring; control patients under-
went colonoscopy for routine colorectal cancer screening. We 
included CD patients with different phenotypes (fibrostenotic, 
inflammatory, or perforating) and current treatments (none, 
mesalamines, anti-tumor necrosis factor [TNF], anti-IL12/23, 
or Janus kinase [JAK] inhibitors) to capture the full range of 
disease. Control patients were selected based on the absence 
of gastrointestinal symptoms (bleeding, diarrhea) and no per-
sonal history of gastrointestinal disease, autoimmune disease, 
or cancer. None of the CD or control patients had recent (<3 
months) antibiotic use.

Gut mucosal biopsies from the ileum and the colon of each 
patient were digested into single cells and treated with genta-
micin to deplete extracellular bacteria; gentamicin does not 
penetrate mammalian cell membranes, and therefore intra-
cellular bacteria should remain intact with this method. To 
enrich for cells potentially harboring microbes, we selected 
CD11b as a surface marker; this protein is involved in phago-
cytosis,12 and the majority of CD11b+-enriched cells consist of 
phagocytes, as demonstrated by our previous study.10 We iso-
lated CD11b+ cells from 50 gut mucosal biopsy samples from 
15 CD patients and 10 controls; of these, only 37 samples 
yielded sufficient RNA for sequencing. An overview of our 
methods can be seen in Figure S1 and the characteristics of 
the final patients and samples included in RNA sequencing 
are shown in Table 1.

The CD and control groups did not significantly differ in 
any demographic characteristics except for age. The con-
trol group had a slightly higher mean age because colorectal 
cancer screening is typically recommended for individuals>45 
years old, whereas CD can be diagnosed at any age, and 
young adults have the highest incidence rate.13

Prokaryotic RNA Is Detectable in Lamina Propria 
Phagocytes
RNA samples from CD11b+ cells were deep sequenced 
at>100 million reads per sample. CLC Genomics Workbench 
(QIAGEN) was used to map reads to the human genome for 
host analysis; the remaining reads were mapped to a pro-
karyote genomic database for microbiome taxonomic and 
metatranscriptomic profiling. In all CD and control samples, 
we detected an average of 94.36% human reads and 0.25% 
prokaryotic reads (Figure 1A). CD and control samples did 
not differ in the total number of reads captured (Figure 1B), 
but the percentage of prokaryotic reads was slightly lower 
(and inversely, the percentage of human reads was slightly 
higher) in CD samples (Figure 1C and D). This may in-
directly reflect decreased absolute bacterial abundance in 

CD samples, a feature of CD dysbiosis.14 The difference in 
read percentages did not affect the downstream results be-
cause each sample had many prokaryotic reads (mean ± SD: 
602 539 ± 289 337) and Shannon alpha diversity plateaued 
in the majority of samples, suggesting that we sequenced to a 
sufficient depth to capture most microbial sequences (Figure 
1E). Thus, we were able to subsequently characterize the 
phagocyte-associated microbiome and metatranscriptome in 
CD and control samples.

Potential Pathobionts Are Enriched in Lamina 
Propria Phagocytes of CD Patients
Through taxonomic profiling, we detected an average of 
410 ± 184 taxa in ileal samples and 318 ± 132 taxa in co-
lonic samples. The observed number of taxa did not differ 
significantly based on group (CD patient vs healthy control) 
(Figure 1F and G). We then calculated alpha and beta diver-
sity metrics. In terms of alpha diversity (Shannon entropy, 
Chao1, Simpson’s index), there were no significant differences 
between CD and control samples (Figure 1H and I, Figure 
S2A). Although the CD and control groups differed in mean 
age, we did not see any trends in alpha diversity based on 
age (Figure S2B). We also grouped samples according to sex 
and found that samples from male patients displayed a higher 
alpha diversity (Shannon entropy) than samples from fe-
male patients; this was true in the ileum but not in the colon 
(Supplementary Data). However, this sex difference does not 
confound the results of diagnostic group comparisons (CD vs 
control) because males and females were evenly distributed 
in each group. Grouping by other biological/clinical variables 
(age, body mass index [BMI], ethnicity, race, medication, dis-
ease phenotype) yielded no significant differences in alpha 
diversity (Supplementary Data). When visualizing beta diver-
sity (Bray-Curtis dissimilarity) (Figure 1J), we found that ileal 
samples from the control group appeared to cluster in the 
center, while those from the CD group were more dispersed 
along PCo2. Among the ileal samples, no trends in beta di-
versity by age were observed (Figure S3). No trends were 
observed based on other variables (Figures S4 and S5). Colon 
samples were not observed to cluster by diagnosis nor any 
other variables (Figure 1K, Figures S4 and S5).

We then performed differential abundance analysis to de-
tect taxa at each taxonomic level with higher relative abun-
dance in CD patients or controls. Due to known differences in 
baseline microbiota composition,15 ileal and colonic samples 
were analyzed separately. Among the species that were present 
in at least half of CD or control ileal samples, 7 species were 
significantly (FDR-adjusted P-value > .05) more abundant in 
CD patients and 3 were more abundant in controls (Figure 
2A). Three of the 7 species elevated in CD patients (E. coli, 
Ruminococcus gnavus, and Enterocloster clostridioformis) 
are gut-resident bacteria that have been previously linked to 
CD.16,17 For example, R. gnavus is a prevalent gut microbe that 
increases in abundance during CD flares.16 The reads classi-
fied as unknown Enterobacteriaceae may be E. coli reads or 
shared genes with other related genera, such as Klebsiella or 
Salmonella; as they are shared, they cannot be pinpointed to a 
specific species. Similarly, the unknown Enterocloster sp. may 
be E. clostridioformis reads or another closely related spe-
cies, such as Enterocloster bolteae (which is associated with 
hepatitis B18). One of the 3 species high in control samples 
was an unknown species of Peptostreptococcaceae, a family 
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http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izae316#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izae316#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izae316#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izae316#supplementary-data
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that produces indole metabolites that regulate intestinal 
barrier function.19 An unknown member of this family was 
previously shown to be decreased in CD.20 The rest of the dif-
ferential species (YIM-78166 sp., Thermosynechococcaceae, 
Corallococcus exiguus) are either ubiquitous microbes found 
in soil or aquatic environments or otherwise undescribed.21,22

We also found some significant differences in the abun-
dance of taxa at the family level in the ileum (Figure 2A). 
Most of these differences aligned with the species-level 
trends (eg, Enterobacteriaceae to E. coli, Lachnospiraceae to 
Enterocloster sp.). Dermabacteraceae abundance was higher 
in CD samples; this family includes skin-dwelling opportun-
istic pathogens and soil and aquatic microbes.23 Overall, most 
of the taxa with increased abundance in CD samples are po-
tential pathobionts, while those with increased abundance in 
controls are either protective or of unknown relevance.

In the colon, only 2 species that were observed in at least 
half of CD samples were significantly more abundant in 
CD samples compared to controls: Symbiobacter mobilis 
and an unknown species of Halomonadaceae (Figure 2B). 
The Halomonadaceae family of bacteria is enriched in colo-
rectal cancer tissue,24 implicating it as a potential pathobiont. 
Symbiobacter mobilis is an aquatic organism of unknown sig-
nificance to human health.25 Only one species was found in 
higher abundance in controls: an unknown Amphibacillaceae 
species. Amphibacillus is known to degrade indigo dyes26 but 
has unknown significance to human health. No significant 
trends were observed at the family level in colonic samples.

Some differentially abundant taxa were present in only 
a few samples (Supplementary Data) and therefore were 
not included in the above statistical analyses. For example, 
Bacteroides fragilis and Bacteroides ovatus, pathobionts asso-
ciated with CD,27,28 were highly abundant in 3 or 4 different 
CD ileal and colonic samples. Salmonella enterica, an intra-
cellular gut pathogen that may trigger IBD onset in suscep-
tible individuals,29 was also observed in 2 CD ileal samples. 
Importantly, none of these species were detected in control 
samples. The diversity of pathogens and pathobionts found 
in CD samples but not in control samples suggests that it is 
not one specific pathobiont but rather a group of pathobionts 
that contribute to CD pathogenesis by crossing the epithelial 
barrier and triggering inflammation.

CD Phagocyte-Associated Microbes Express More 
LPS Synthesis and AMR Genes
We hypothesized that the microbes significantly more abundant 
in CD phagocytes share functions that cause them to trigger 
inflammation or evade immune detection. In order to compare 
CD-associated and control-associated microbes, we performed 

Table 1. Patient characteristics.

Total
(N = 20)

 CD
(n = 11)

Control
(n = 9)

P-value

Sex

 � Female 4 (36%) 5 (56%) .6534 (ns)

 � Male 7 (64%) 4 (44%)

Ethnicity

 � Hispanic 9 (82%) 3 (33%) .0648 (ns)

 � Non-Hispanic 2 (18%) 6 (67%)

Race

 � Asian 0 1 (11%) .0737 (ns)

 � Black 0 2 (22%)

 � White 11 (100%) 6 (67%)

Birth country

 � United States 7 (64%) 7 (78%)

 � Other 4 (36%) 2 (22%)

Age (years)

 � Mean 38.09 60.33 .0008 (a)

Body mass index (kg/m2)

 � Mean 24.39 30.65 .0583 (ns)

Medications

 � Antibiotics 0 0

 � Probiotics 1 (9%) 0

 � PPIs 0 0

CD treatment

 � None 1 (9%) 9 (100%)

 � Aminosalicylates 1 (9%) —

 � Immunomodulators 1 (9%) —

 � Steroids 1 (9%) —

 � Biologics 9 (81%) —

  �  Anti-TNF 4 (36%) —

  �  Anti-integrin 0 —

  �  Anti-IL-12/23 3 (27%) —

  �  JAK inhibitor 2 (18%) —

Disease phenotype

 � Inflammatory (B1) 8 (72%) —

 � Fibrostenotic (B2) 7 (64%) —

 � Penetrating/perforating (B3) 3 (27%) —

 � Perianal b 1 (9%) —

Location of disease

 � Ileum only (L1) 4 (36%) —

 � Colon only (L2) 1 (9%) —

 � Ileocolon (L3) 6 (55%) —

 � Upper GI (L4) b 0 —

Ileal endoscopy

 � Actively inflamed 5 (46%) —

 � Previously involved, 
uninflamed

2 (18%) —

 � Never involved 4 (36%) —

Ileal histology

 � Inflamed 5 (46%) —

Colon endoscopyc

 � Actively inflamed 1 (9%) —

 � Previously involved, 
uninflamed

3 (27%) —

Total
(N = 20)

 CD
(n = 11)

Control
(n = 9)

P-value

 � Never involved 6 (55%) —

Colon histology

 � Inflamed 0 —

aP<.005, ns = not significant.
bModifier to the above categories, not category-exclusive.
cOne patient lacked a colon biopsy.

Table 1. Continued

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izae316#supplementary-data
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Figure 1. Prokaryotic reads and diversity in Crohn’s disease (CD) vs control phagocytes. A, Average percentage of human, prokaryotic, and unmapped 
reads across all samples (n = 35). B, The numbers of total reads in CD (n = 21) vs control samples (n = 14). C and D, The percentage of human and 
prokaryotic reads in CD vs control samples. E, The alpha diversity (Shannon entropy) calculated at multiple read depths per sample. Each line represents 
one sample, and the line terminates at the maximum number of reads achieved for that sample. F and G, The number of taxa detected in CD vs control 
samples from the ileum (n = 10 CD vs 5 control) and the colon (n = 11 CD vs 9 control). H and I, The alpha diversity (Shannon entropy) of CD vs control 
samples from the ileum and colon. J and K, The beta diversity, based on Bray-Curtis dissimilarity, in principal coordinate scatter plots for ileal and colon 
samples. *P-value < .05, ** P-value < 0.01, ns,  not significant.
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Figure 2. Differentially abundant taxa and microbial pathways in Crohn’s disease (CD) vs control phagocytes. A and B, Heat maps, based on z-scores, 
display significantly (FDR P-value < .05) differentially abundant taxa present in more than half of samples in either group (n = 10 CD, n = 5 control). Each 
column represents a separate sample, and samples are grouped by diagnosis (CD vs control). A, Ileal samples with differentially abundant taxa at the 
species and family levels. B, Colon samples with differentially abundant taxa at the species level (no taxa at the family level were significant). C and D, 
Gene Ontology (GO) biological functions enriched in CD vs control samples from (C) the ileum (n = 10 CD vs n = 5 control) and (D) the colon (n = 11 CD 
vs n = 9 controls), plotted based on the log2 fold change between groups. *FDR-adjusted P-value < .05. FDR, false discovery rate; ns, not significant.
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microbial functional profiling (ie, metatranscriptomics) to de-
termine which GO functions were actively expressed. Ileal and 
colonic samples were assessed separately.

In the ileum, 5 GO functions were significantly enriched 
(FDR-adjusted P-value < .05) in CD samples: lauroyltransferase 
activity, Kdo2-lipid A biosynthetic and metabolic processes, 
and fatty acid derivative metabolic and biosynthetic processes 
(Figure 2C). Lauroyltransferase activity and Kdo2-lipid A bi-
osynthetic/metabolic processes are both involved in LPS syn-
thesis.30 LPS is a potent inducer of inflammation via Toll-like 
receptor 4 (TLR4) signaling in innate immune cells; TLR4 
signaling is known to be increased in IBD.31 Fatty acid deriv-
ative metabolic/biosynthetic processes also could be involved 
in LPS synthesis, since LPS is a glycolipid. In addition, there 
was a non-significant trend of increased lipooligosaccharide 
(LOS) metabolic process in CD samples; LOS is another bac-
terial surface molecule that induces inflammation.32 In ileal 
control samples, the highest GO function (numerically but 
not significantly higher than in CD samples) was tryptophan 
catabolic process to acetyl-CoA. Microbial-derived trypto-
phan catabolites are known to strengthen gut epithelial bar-
rier function and are decreased in IBD patients.33 Overall, 
CD-associated microbes appear to have increased synthesis of 
pro-inflammatory compounds and reduced production of ben-
eficial catabolites compared to control-associated microbes.

Although the colon had fewer significant trends in taxa 
abundance, it had many more GO functions that significantly 
differed between CD and control samples (Figure 2D). Overall, 
the GO functions highly expressed by CD microbes were in-
volved in transmembrane transport (solute:proton antiporter 
activity, secondary active sulfate transmembrane transporter 
activity), thiamin biosynthesis (hydroxymethylpyrimidine 
kinase activity, phosphomethylpyrimidine kinase activity), 
and protein catabolism (3-hydroxyisobutyrate dehydro-
genase activity, metallodipeptidase activity). In contrast, 
the GO functions enriched in controls were involved in 
sugar or alcohol metabolism (glucosamine 6-phosphate 
N-acetyltransferase activity, alcohol O-acetyltransferase ac-
tivity, sugar-terminal-phosphatase activity, and acryloyl-
CoA reductase [NADP+] activity) and histidine biosynthesis 
(phosphoribosyl-adenosine monophosphate cyclohydrolase 
activity). These metabolic changes may contribute to path-
ogenicity or otherwise reflect the differences in nutrient ab-
sorption in patients with CD vs controls.

We next evaluated AMR gene expression in these microbes, 
detecting a total of 25 genes in the ileum and colon samples. 
Statistical comparisons between CD and control groups were 
not possible since each of these genes was found in only 1-3 
samples. However, most of the AMR genes were detected 
in CD-associated microbes and not shared with control-
associated microbes (Figure S6A). In the ileum, all AMR genes 
were either CD-only or shared. In particular, CD samples had 
more gene counts encoding for antibiotic inactivation enzymes 
(Figure S6B). CD-associated microbes in both the ileum and 
colon expressed genes encoding APH(3ʹ)-Ia, which confers 
resistance to aminoglycosides, and various beta-lactamases 
(Figure S6C). Overall, in addition to having more AMR genes, 
CD-associated microbes had a wider array of AMR products.

Replication of Pathobiont Findings in an Additional 
CD Cohort
To strengthen our findings, we set out to corroborate these 
results in an additional dataset. In our prior study of lamina 

propria phagocytes,10 we similarly isolated CD11b+ cells from 
the ileum and colon of CD and ulcerative colitis (UC) patients 
and performed RNA sequencing. Since the ileum is not af-
fected in UC patients, we reasoned that we could compare 
ileal samples from CD and UC patients in this prior cohort 
(“past cohort”) to see if we observed similar microbial tax-
onomic and functional profiles to the CD vs control samples 
in the current study cohort (“current cohort”). Notably, our 
prior study used penicillin/streptomycin instead of genta-
micin and sequenced at a shallower depth (40 million reads); 
thus, we expected to obtain fewer microbial reads from these 
samples.

After removing human reads and performing taxonomic 
profiling, we obtained over 100 000 prokaryotic reads from 
8 CD and 9 UC ileal samples in the past cohort (mean ± SD: 
531 080 ± 552 653 reads). While the average number of 
prokaryotic reads in ileal samples did not significantly 
differ between the past cohort and the current cohort, the 
number of detected taxa was significantly lower in the past 
cohort (248 ± 100) than in the current cohort (410 ± 184) 
(P = .0038) (Figure S7A and B). Nevertheless, we detected all 
10 of the differentially abundant species from the current co-
hort in this past cohort. We also ensured that the number of 
prokaryotic reads and detected taxa was not significantly dif-
ferent between the CD and UC groups (Figure S7C and D). 
We then performed differential abundance analysis between 
CD and UC samples in the past cohort. While none of the 
10 species showed a significant difference in abundance in 
the past cohort (FDR-adjusted P-value < .05), many of them 
showed similar patterns to what we saw in the current co-
hort (Figure S7E). In particular, Enterobacteriaceae, E. coli, 
and R. gnavus were detected in more CD samples than UC 
samples. However, none of the bacteria that were more abun-
dant in control samples in our current cohort showed the 
same pattern in UC samples in the past cohort. These results 
suggest that certain pathobionts such as E. coli and R. gnavus 
are more abundant in ileal phagocytes from CD patients 
compared to those from control or UC patients. In addition, 
there did not appear to be a common protective species found 
in ileal phagocytes from controls or UC patients.

We next probed the microbial GO functional profiles of 
these past cohort samples. Although we detected fewer 
taxa and differentially abundant species in the past cohort 
than in the current cohort, we observed 15 differentially 
expressed GO functions between the CD- and UC-associated 
microbes. All 15 of these GO functions were enriched in the 
CD microbes (Figure S7F), including all 5 GO functions that 
were enriched in CD microbes from the current cohort. Most 
of the GO functions are involved in LPS and LOS synthesis. 
They also included membrane lipid and fatty acid derivative 
metabolic/biosynthetic processes; these processes may also be 
involved in LPS/LOS synthesis. Interestingly, viral RNA ge-
nome replication was enriched in CD samples. Overall, these 
results support our current findings regarding CD-associated 
microbes and their functions.

Lamina Propria Phagocytes With a High Burden 
of Pathobionts Exhibit a Unique Pro-Inflammatory 
Response
After characterizing the phagocyte-associated microbes and 
their functions, we investigated host phagocyte RNA expres-
sion to determine if phagocytes from CD patients exhibited 
different responses to associated pathobionts than controls. 

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izae316#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izae316#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izae316#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izae316#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izae316#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izae316#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izae316#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izae316#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izae316#supplementary-data
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In the ileum, we found 344 differentially expressed genes in 
CD vs control samples (Figure 3A). As might be expected, 
many pro-inflammatory innate immune genes (such as 
IL1R2, MPO, S100A8, CXCL5, and CXCR2) had increased 
expression in CD samples. In addition, expression of genes 
that influence gut microbiota composition in IBD (DUOX2, 
DUOXA2, MUC1, and MUC5B) was increased in CD 
samples; these genes are upregulated in the intestinal epithe-
lial cells of IBD patients34–36 and were likely highly expressed 
in the small portion of captured epithelial cells. In the control 
samples, we found that genes with upregulated expression in-
cluded NPY and TMEM119, both involved in neuronal func-
tion. We then performed a gene set test to identify enriched 
GO functions among the differentially expressed genes in 
the ileum, which yielded 177 significant (FDR-adjusted 
P-value < .05) GO terms. The top biological functions in-
cluded cell surface receptor signaling pathway, defense 
response, response to external biotic stimulus, and cytokine-
mediated signaling pathway (Figure 3B). These findings sug-
gest that the phagocytes in CD patients are actively exhibiting 
a pro-inflammatory response to perceived pathogens.

In the colon samples, 53 genes were differentially expressed 
between the CD and control groups (Figure 3C). Compared 
to those in the ileum, colon phagocytes from CD patients 
expressed fewer pro-inflammatory genes, likely because the 
CD patients in our study primarily had ileal disease (Table 
1). The top genes expressed in colon CD samples included 
APOB, the primary apolipoprotein of chylomicrons and 
low-density lipoproteins,37 and DEFA6, an antimicrobial 
cytotoxic peptide.38 However, there were no significantly 
enriched GO terms among the differentially expressed genes 
in CD vs control samples, suggesting that there were no major 
differences in inflammatory or metabolic processes in colon 
phagocytes. We then asked if CD phagocytes expressed any 
shared genes between the ileum and colon. Among the genes 
that overlapped in these comparisons (Figure 3D), DEFA1B 
encodes defensin, which is found in mammalian phagocytes39 
and triggers pro-inflammatory cytokine production.40 It also 
inhibits bacterial cell wall synthesis, serving as an antibac-
terial defense mechanism.41 AKR1C1 encodes an aldo-keto 
reductase with a high affinity for binding bile acids.42 PI3 is 
an antimicrobial peptide that is upregulated upon exposure 
to LPS.43

As CD ileal samples were associated with more potential 
pathobionts, we further delved into host gene expression in 
response to these pathobionts. We chose 3 species—E. coli, 
R. gnavus, and E. clostridioformis—that were more abun-
dant in ileal CD samples and most likely to be pathobionts 
due to previous associations with CD or other diseases.16,17,44 
We categorized ileal samples according to the abundance of 
each species (low, medium, or high abundance) and compared 
gene expression between these sample groups. Remarkably, 
we found 575 differentially expressed genes when comparing 
samples with high vs low E. coli abundance (Figure 4A). The 
top GO functions enriched in these differentially expressed 
genes included response to oxygen-containing compound, 
regulation of mitogen-activated protein kinase (MAPK) 
cascade, immune response-activating cell surface receptor 
signaling, positive regulation of nuclear factor-kappa-B (NF-
κB) transcription factor activity, and pattern recognition re-
ceptor signaling pathway (Figure 4B). These pathways could 
reflect increased TLR4 signaling or other pattern recognition 

receptor signaling in the E. coli-high phagocytes. Other 
pathways involved in phagocytosis, granulocyte activation, 
and T cell co-stimulation were also enriched. Top genes in 
the E. coli-low samples included C10orf99, which enables 
chemokine activity,45 AQP8, an aquaporin, and FRAS1, an 
extracellular matrix protein.46 Overall, there seemed to be 
fewer pro-inflammatory or otherwise innate immunity genes 
in the E. coli-low samples. Similarly, samples with high vs 
low levels of R. gnavus and E clostridioformis exhibited 384 
and 121 differentially expressed genes, respectively (Figure 
4C). Across all 3 high vs low comparisons, we found that 276 
genes were shared between at least 2 comparisons, and 60 
genes were common among all 3 comparisons. Among these 
60 shared genes, the top innate immune genes in pathobiont-
high samples included BPIFB1, CXCL5, TREM1, CXCR2, 
and CXCR1. Interestingly, BPIFB1, a secreted protein that 
can bind LPS, was the most highly expressed shared gene but 
has not yet been implicated in CD pathogenesis. Similarly, 
ACOD1 (which encodes aconitate decarboxylase 1) was 
highly expressed in pathobiont-high samples. This protein is 
an immunometabolic regulator and mediator of sepsis, acti-
vated in response to LPS.47 Altogether, the differential gene ex-
pression in pathobiont-high samples suggests that phagocytes 
mount an LPS-induced inflammatory response that is propor-
tional to their burden of pathobionts.

E. coli Isolated From Lamina Propria Cells Are 
Viable and Contain Antimicrobial Resistance Genes
Next, we attempted to culture microbes from lamina pro-
pria cells to determine if these microbes were viable and to 
enable further study of CD vs control isolates. We collected 
samples from 21 CD and 20 control patients, isolated 
lamina propria cells, and treated these cells with genta-
micin to remove extracellular bacteria. We then plated 
cell lysates on media containing bile salts to select for E. 
coli and other Enterobacteriaceae species, since these taxa 
were among the most abundant species observed in CD 
patients. Colonies grew from 5 CD samples (from 4 CD 
patients) and 6 control samples (from 3 control patients). 
We did not observe any distinguishing characteristics that 
differed between these 4 CD patients that grew colonies 
and the other CD patients. We picked colonies from each 
sample and performed whole genome sequencing of 11 
isolates in total.

All isolates were determined to be E. coli based on core 
genome phylogeny. We generated an SNP phylogenetic tree 
of the isolates to visualize differences in predicted strain phy-
logeny (Figure 5A). We observed that isolates from the same 
patient clustered together, but CD and control isolates did 
not cluster by diagnosis. Among the isolates, some of the 
closest related strains were E. coli O157H7 strain TR01, a 
shiga toxin-producing strain,48 and E. coli strain JJ2434, a 
uropathogenic strain.49

We next compared the GO functional profiles of the CD 
and control E. coli isolates (Figure 5B). Interestingly, CD 
isolates displayed more GO functions involved in cell mo-
tility, particularly flagellum-dependent motility, than control 
isolates. CD isolates also exhibited increased DNA transposi-
tion and chromate transport GO functions. In control isolates, 
enriched GO functions were nonspecific cellular processes 
(eg, positive regulation of biological process or regulation 
of cellular component organization). These differential GO 
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Figure 3. Differentially expressed genes and pathways in Crohn’s disease (CD) vs control phagocytes. A, Volcano plot of all genes detected in ileal 
samples, plotted based on the log2 fold change and −log10(P-value) in CD vs control samples (n = 10 CD vs n = 5 control). B, Ten Gene Ontology (GO) 
functions related to innate immunity selected from the 177 significant (FDR-adjusted P-value < .05) GO biological functions enriched in differentially 
expressed genes from CD vs control ileal samples. C, Volcano plot of all genes detected in colon samples, plotted based on the log2 fold change and 
−log10(P-value) in CD vs control samples. D, Differentially expressed genes between CD patients and controls that overlapped between ileal and colon 
samples. The 8 shared genes are shown. FDR, false discovery rate.
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Figure 4. Differentially expressed genes and pathways in phagocytes with a high vs low relative abundance of pathobionts. Ileal samples were 
dichotomized based on the abundance of Escherichia coli, Enterocloster clostridioformis, and Ruminococcus gnavus into high vs low groups for each 
species. A, Volcano plot of all genes detected in ileal samples, plotted based on the log2 fold change and −log10(P-value) in E. coli-high (n = 5) vs E. coli-
low samples (n = 5). B, Ten Gene Ontology (GO) functions related to innate immunity selected from the 62 significant (FDR-adjusted P-value < .05) GO 
biological functions enriched in differentially expressed genes from E. coli-high vs E. coli-low ileal samples. C, Differentially expressed genes between 
high- and low-abundance ileal samples that overlapped across E. clostridioformis, E. coli, and R. gnavus comparisons. The top 10 shared genes are 
shown. FDR, false discovery rate.
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Figure 5. Phylogenetic and functional characterization of Escherichia coli isolates from CD vs control lamina propria cells. A, A single nucleotide 
polymorphism (SNP) tree displaying the predicted phylogeny of each isolate relative to other E. coli strains. B, Significantly (FDR-adjusted P-value < .05) 
differentially expressed Gene Ontology (GO) biological functions in CD vs control isolates (n = 5 CD vs n = 6 control). C, The number of normalized AMR 
gene counts in E. coli isolates from CD and control samples. D and E, The full AMR gene profiles of E. coli isolates from control (D) and CD samples (E). 
Significantly differentially abundant genes/gene phenotypes are indicated with an asterisk (P-value < .01). AMR, antimicrobial resistance; CD, Crohn’s 
disease; FDR, false discovery rate.
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functions suggest that the CD isolates were more invasive and 
had more horizontal gene transfer than the control isolates.

Subsequently, we quantified AMR genes among the 
isolates. A total of 63 AMR genes were detected across all 
samples; 6 were unique to CD and 3 were unique to control 
samples (Figure 5C). CD samples had significantly higher ex-
pression of genes (P-value < .1) coding for antibiotic inacti-
vation enzymes, particularly ANT(3″)-Ia, an aminoglycoside 
inactivation enzyme (Figure 5D and E). The CD isolates also 
displayed more genes encoding subunits of tet(B), an efflux 
pump that confers resistance to tetracycline. The 3 genes 
unique to control samples were found in low copy number in 
only 1-2 samples and therefore not significantly more abun-
dant in control isolates than in CD isolates.

Finally, we examined the ability of E. coli strains isolated 
from inside the CD11b+ cells of CD patients to invade in-
testinal epithelial cells. Of the 3 strains that we assessed, 2 
demonstrated the ability to invade colonic organoids derived 
from healthy people (Figure S8). Thus, E. coli strains can be 
isolated from the macrophages of CD patients, remain viable 
inside these cells, and retain the ability to invade epithelial 
cells—serving as further proof of the principle that the strains 
identified in CD patients are pathobionts.

Discussion
There is substantial evidence that gut microbiota are in-
volved in IBD pathogenesis. However, the search for spe-
cific pathobionts has been hindered by limited methods for 
studying the relevant microbiota in IBD. In this study, we used 
an unbiased RNA sequencing approach to detect microbes 
within lamina propria phagocytes from CD patients and non-
IBD controls. RNA sequencing, by definition, allowed us to 
identify bacteria that were actively transcribing genes and to 
characterize host gene responses. We hypothesized that spe-
cific species could reside within lamina propria phagocytes 
and act as pathobionts to trigger inflammation in CD. Indeed, 
we identified microbial RNA in CD11b+ cells (primarily 
macrophages, neutrophils, and dendritic cells10) from the gut 
lamina propria of both CD patients and non-IBD controls. 
We found a number of potential pathobionts that were 
present exclusively in CD phagocytes or more abundant in 
CD phagocytes compared to controls. A few of these species, 
such as E. coli and R. gnavus, have been previously associated 
with IBD—others have not, lending credence to our agnostic 
approach to discovering potential CD-related pathobionts.

Among the potential pathobionts that we detected in CD 
samples, we expected to find E. coli. There is substantial lit-
erature on the potential role of E. coli, particularly AIEC 
(found in 29% of CD patients44), in CD pathogenesis. In vitro 
experiments have demonstrated that AIEC can adhere to and 
invade intestinal epithelial cells, as well as invade and survive 
within macrophages.8 Our data corroborate these in vitro 
findings in clinical samples, as our clinical isolates of E. coli 
from CD phagocytes were invasive in colonoid monolayers. 
We also detected increased R. gnavus in CD phagocytes; this 
species is a prevalent gut microbe that increases in abun-
dance during CD flares.16 Another potential pathobiont that 
was increased in CD phagocytes, E. clostridioformis, has 
been associated with CD in at least one study.17 In addition, 
Enterocloster and Halomonadaceae spp., found in ileum and 
colon CD samples, respectively, contribute to dysbiosis and 

have been detected in the colorectal cancer tumor microen-
vironment.24,50 Overall, many of the potential pathobionts 
we found have been previously associated with either IBD 
or other gastrointestinal pathologies, which is reassuring 
considering issues with reproducibility in microbiome study 
methods and results.51

We focused on the bacteria that were differentially abun-
dant across multiple CD samples, but we noted that CD 
samples were more heterogeneous than controls and that 
certain pathogenic bacteria were unique to specific CD 
patients. An elevated variability in the microbiome in CD 
patients compared to controls has been reported by pre-
vious studies.52–54 For example, 2 CD ileal samples had a 
high abundance of S. enterica and another CD sample had 
a high abundance of Clostridioides difficile, neither of which 
were found in other CD or control samples. These are known 
pathogens with limited evidence of their role in CD but could 
be involved in the initial triggering of inflammation or exac-
erbation of symptoms in susceptible individuals.29,55 We hy-
pothesize that the variability among CD patients is due to 
differences in the pathobionts associated with CD that may 
be specific to individuals. Previous studies have reported that 
IBD patients display reduced microbial diversity but greater 
microbial variability than healthy controls52–54; however, the 
variability in phagocyte-associated microbiome in health 
and disease has not been characterized. These observations 
demonstrate the diversity between patients and highlight the 
need for personalized microbiome profiling to fully under-
stand each patient’s disease pathogenesis. Even if individuals 
possess unique driving pathogens, targeting these pathogens 
could potentially reduce the inflammatory response.

Specific species may act as pathobionts in CD; alterna-
tively, certain metabolic functions or virulence factors (found 
in multiple species) may be the root cause of inflammation 
in CD. In the ileum, we observed increased LPS synthesis in 
CD-associated microbes in both the current cohort and our 
past cohort. Serotype-specific LPS may selectively trigger in-
flammation,51 accounting for differences in commensal and 
pathogenic Gram-negative bacteria. Furthermore, pathogens 
have been noted to alter LPS expression to enhance virulence 
and evade immune detection.56,57 AIEC LPS may play a role 
in resistance to complement and degradation by phagocytes.58 
Chronic LPS exposure may shift innate and adaptive immune 
cells in the lamina propria to a pro-inflammatory state in 
IBD.56 Thus, upregulation of LPS production could contribute 
to resistance against innate immune responses and perpetuate 
chronic inflammation in CD. In the colon, it was less clear if 
any genes expressed by CD-associated microbes contributed 
to virulence. Given that our cohort had more active ileal dis-
ease, it was unsurprising that there were fewer clear trends in 
colon samples.

We next sought to demonstrate whether active pathobiont 
colonization occurs in the lamina propria. Our successful iso-
lation of viable E. coli from this location in a subset of patients 
suggests that this species and other pathobionts may actively 
colonize the lamina propria, particularly in CD patients, as we 
observed a higher relative abundance of pathobiont sequences 
in this group. In these E. coli isolates, we found that flagellar 
motility and AMR genes were enriched in isolates from CD 
samples, factors that may support increased virulence. Flagella 
facilitate AIEC invasion59; indeed, we observed that 2 out of 
3 isolates could invade epithelial cells. CD-associated AIEC 

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izae316#supplementary-data
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is also known to be more antibiotic-resistant than strains 
found in healthy controls.58 In fact, one study57 found that 
CD AIEC were more resistant to penicillin/beta lactam and 
aminoglycoside antibiotics, aligning with our findings. It is 
unclear whether antimicrobial-resistant microbes contribute 
to CD, but studies have shown that antibiotic exposure may 
increase the risk of developing IBD.56

Characterization of potential pathobionts reveals only part 
of the mechanisms involved in the perpetuation of CD path-
ogenesis. The host response to these pathobionts is equally 
important. We hypothesized that CD phagocytes would have 
a different inflammatory response to microbes than control 
samples. Indeed, we found that CD11b+ cells had a pro-
inflammatory signature in the ileum of CD patients compared 
to controls. We believe this difference can be at least par-
tially attributed to the microbiome, since pathobiont-high 
samples exhibited a more pronounced pro-inflammatory and 
antimicrobial gene signature. No such pro-inflammatory gene 
signature was observed in the colon, as expected given our 
cohort displayed less active colonic disease. Overall, the data 
suggest that CD phagocytes were mounting a response to an 
attempt to clear perceived pathogens in the ileum.

Researchers have long known that CD patients carry 
serum IgG antibodies to specific microbes in higher abun-
dance than healthy controls.60,61 Many of these microbes 
are those identified within phagocytes in our study, in-
cluding E. coli, R. gnavus, Lachnospiraceae, B. fragilis, and 
B. ovatus.28,62 In fact, antimicrobial antibodies are found in 
serum prior to CD development and can identify patients 
who will develop CD years before diagnosis.63 It is plausible 
that the pathobionts we identified can cross the epithelial 
barrier and trigger an immune response that leads to an-
tibody formation and predicts CD development. However, 
future studies that specifically focus on newly diagnosed, 
treatment-naïve patients would be necessary to further elu-
cidate this hypothesis.

So how can we target pathobionts to treat IBD? Antibiotics 
and fecal microbiota transplants have had mixed results in 
clinical trials as IBD treatments.59,64–66 In fact, antibiotics 
may even trigger disease,67 likely because they are relatively 
nonspecific, killing beneficial microbiota in conjunction 
with pathogens and subsequently compromising the epithe-
lial barrier.64 Antibiotic-resistant microbes are also a major 
public health concern. We showed increased AMR genes, 
particularly in CD-associated microbes, evidence that fur-
ther limits the potential for antibiotic effectiveness in CD. 
Bacteriophage therapy, on the other hand, could eventually be 
used to target specific pathobionts. Phages can control AIEC 
and Klebsiella pneumoniae and subsequently ameliorate co-
litis in mouse models.68,69 A phase I clinical trial in healthy 
volunteers demonstrated that phage therapy targeting K. 
pneumoniae was safe, with no adverse side effects or ripple 
effects on microbiome composition.69 This proof-of-concept 
study suggests a new avenue for targeting pathobionts: tai-
loring phage treatment to each patients’ microbiome for 
personalized medicine.

Additionally, we discovered a few potential host targets in 
our study. For example, PI3 was highly expressed in CD ileum 
and colon. This gene encodes peptidase inhibitor 3 (also known 
as elafin), an antimicrobial peptide that affects a broad spec-
trum of bacteria and fungi. However, it also downregulates 
LPS-induced innate immune signaling by inhibiting AP-1 and 

NF-κB activation.43 High circulating levels of elafin are as-
sociated with CD intestinal strictures.70 BPIFB1, a secreted 
protein that binds LPS, was also very highly expressed in 
the pathobiont-high ileal samples. We believe these LPS-
interacting genes should be further investigated as potential 
new targets for therapy.

Our study also has some limitations that should be noted. 
First, our controls (age range: 52-70) were older than 
our CD patients (age range: 23-68). As mentioned above, 
this difference is because our controls were drawn from 
individuals undergoing colorectal cancer screening (typically 
recommended for individuals>45 years), whereas CD can be 
diagnosed at any age. Age can influence the gut microbiome 
composition, although the most pronounced age-related 
effects are typically observed in individuals over 70 years 
old.71–73 Thus, while age may influence the gut microbiome, 
we believe that this influence would be relatively small in 
our sample. Second, our sample had a high proportion of 
Hispanic CD patients, with some born outside the United 
States. However, given that previous studies have reported 
that Hispanic immigrants rapidly adopt an American diet74 
and that dietary acculturation shifts the gut microbial com-
position towards that of US-born Whites,75 we do not be-
lieve that the ethnicity of patients substantially influenced the 
results. Third, our CD patients were on diverse therapies for 
their disease. It is unclear how the medications contributed 
to the variation in the gut microbiome (including alpha 
and beta diversity) between CD patients. Our small sample 
size precluded analyses of medication subgroups. Future 
studies should characterize the association between specific 
pathobionts and IBD phenotypes such as fibrostenotic disease 
vs internal perforating disease.

Conclusions
We investigated whether patients with established CD, es-
pecially ileal CD, have a phagocyte-associated microbiome 
that differs from healthy people and examined the relation-
ship between the microbiota and the host immune response. 
The microbiota associated with phagocytes in patients with 
established CD had characteristics of pathobionts. Even 
if inflammation is controlled on medications, the cessa-
tion of medications generally results in disease relapse.76 
These putative pathobionts have virulence factors that may 
allow them to breach the epithelial barrier and survive 
within lamina propria cells, triggering chronic inflamma-
tion. For example, we found that E. coli, R. gnavus, and 
Enterocloster spp. were enriched in the lamina propria 
phagocytes of CD patients. However, no single species was 
found in all CD cases, suggesting that different pathobionts 
may contribute to CD depending on the individual. We also 
found that increased LPS production may be a virulence 
factor common to multiple CD-associated species. Indeed, 
CD phagocytes exhibited increased expression of pro-
inflammatory genes, including proteins that bind LPS, most 
likely in an attempt to counteract these species. Flagellar 
motility genes and AMR genes may also contribute to viru-
lence, as seen in the E. coli that we isolated from the lamina 
propria of CD patients. Our study provides avenues for 
further research to fully elucidate the relationship between 
pathobionts and CD and whether this relationship can be 
targeted to treat CD.
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