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SUMMARY

Microbiota associated with intestinal lamina propria
phagocytes is distinct from mucosal microbiota and is

enriched in Proteobacteria. The lamina propria phagocyte
microbiota differs between Crohn’s disease and ulcerative
colitis patients whereas inflammatory gene expression does
not.

BACKGROUND & AIMS: The interaction between intestinal
microbiota and the immune system plays a vital role in
inflammatory bowel disease (IBD). Although numerous deep-
sequencing studies have suggested dysbiosis in IBD, identi-
fying specific bacteria from the stool or mucosa that are
responsible for disease susceptibility or severity has remained
a challenge. Lamina propria phagocytes ideally are localized to
interact with bacteria that are in close proximity to, or have
invaded, the tissue. Thus, we examined the microbial pop-
ulations associated with the lamina propria phagocytes in 20
Crohn’s disease and 12 ulcerative colitis patients. Specifically,
we aimed to address whether the phagocyte-associated
microbiota differed from the mucosa-associated microbiota

and whether this varied based on IBD type or the state of
inflammation.

METHODS: 16S ribosomal RNA gene sequencing and innate
immune gene expression profiling was done on CD11b+ lamina
propria phagocytes isolated from the biopsies obtained from
IBD patients.

RESULTS: Phagocyte-associated microbiota was enriched in
bacterial species belonging to phylum Proteobacteria, whereas
species belonging to phylum Bacteroidetes were enriched in the
mucosal microbiota of IBD patients. Disease type was the most
influential factor in driving differences in the microbiota of both
the mucosa and the lamina propria phagocytes, irrespective of
inflammation state o'r anatomic location. Crohn’s disease and
ulcerative colitis specimens showed similar patterns of
increased inflammatory gene expression in phagocytes isolated
from inflamed areas compared with those isolated from unin-
flamed regions.

CONCLUSIONS: This pilot study shows the feasibility of using
lamina propria phagocytes to characterize the microbiota in
IBD patients. The approach used in this study can narrow the
spectrum of potentially dysbiotic bacterial populations and
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clinically relevant gene expression signatures in IBD patients.
(Cell Mol Gastroenterol Hepatol 2020;9:387-402; https://
doi.org/10.1016/j.jcmgh.2019.10.013)

Keywords: Mucosa; Microbiota; Nanostring; Crohn’s Disease;
Ulcerative Colitis.

An imbalance between the host and its microbiota
can activate immune pathways and play a vital role
in the initiation and/or progression of inflammatory bowel
diseases (IBDs). In the past decade, alterations in the micro-
bial composition of the gut referred to as microbial dysbiosis
have been reported for ulcerative colitis (UC) and Crohn’s
disease (CD), the 2 main types of IBD. Decreased bacterial
diversity, increased abundance of the phyla Proteobacteria
and Actinobacteria, decreases in the phylum Firmicutes, and
increases in the abundance of mucosa-associated bacteria
have been reported consistently in IBD patients compared
with healthy controls and these features are shared between
UC and CD.'® However, microbial changes specifically
ascribed to either CD or UC have not been clearly addressed.
Indeed, these 2 types of IBD share most susceptibility genes
despite different phenotypic presentations, suggesting that
genes alone do not account for phenotype.”” In addition,
involvement of certain bacterial taxa such as the phylum
Bacteroidetes remains inconclusive in the setting of IBD.

Despite the volume of IBD microbiome studies, identifi-
cation of specific situational pathogens in IBD has remained
a challenge largely owing to high interindividual variation
and inconsistencies among published studies. The majority
of the previous IBD microbiome studies characterized either
stool or biopsy specimens taken from different locations in
the gastrointestinal tract.” Although both stool and mucosa
are microbially diverse, the microbiome of stool is funda-
mentally very different from the mucosal microbiome,**°
and a recent study with pediatric IBD patients showed
that stool samples poorly reflect the dysbiosis associated
with IBD.!! On the other hand, characterization of mucosa-
associated bacteria from biopsy specimens involves inclu-
sion of bacteria from the mucus layer, epithelium, lamina
propria, and any remaining adherent stool; and the depth of
the biopsy can influence the ratio of the contribution of each
of these factors. Bowel preparation also has been shown to
affect microbial composition and diversity,'* and may be a
confounding factor in most microbiota studies. To overcome
these limitations, we performed this study to examine the
microbiota of an important cellular compartment of the
intestine with the aim that it would remove several of
the aforementioned confounding variables.

IBD patients show impaired intestinal epithelial barrier
function, allowing passage of toxins, pathogens, commen-
sals, dietary food components and other small molecules
from the lumen into the deeper layers of the intestine.
Continuous invasion of the subepithelial lamina propria of
the intestine by any of the earlier-described factors results
in recruitment and activation of immune cells, leading to
inflammatory processes. Neutrophils and mononuclear
phagocytes, including macrophages and dendritic cells,
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located in the lamina propria of the intestine, act as first
responders against these intruders. The innate immune cells
protect the host through phagocytosis, bacterial killing, and
by activating the adaptive immune system. Genome-wide
association studies in IBD patients have identified several
innate immune genes involved in bacterial recognition and
clearance that contribute to IBD pathogenesis, such as
NOD2, ATG5, and CARD9."*'* Lamina propria phagocytes
express many of these genes,'”'" highlighting the pivotal
role that these cells play in the development of IBD.

In this study, we examined the microbiota associated
with lamina propria phagocytes isolated from the biopsy
specimens of CD and UC patients. We hypothesized that
bacteria translocating into the lamina propria and interact-
ing with phagocytic cells may be a significant driver of tis-
sue inflammation, and that this population may be distinct
from that found at the mucosal surface. We were able to
sensitively detect the phagocyte-associated microbiota and
compare its similarity with the mucosa-associated micro-
biota."”'®> We found that, compared with mucosa-associated
microbiota, the phagocyte-associated microbiota of IBD pa-
tients represents a distinct microbial population in terms of
composition, abundance, and predicted functional profile.
We also observed that although the phagocyte-associated
microbiota from inflamed and noninflamed sites is quite
similar, the gene expression patterns from the 2 sites differ
widely. Our findings provide an important proof of principle
that lamina propria phagocytes provide a distinct view of
the disease-associated microbiome.

Results

Lamina Propria Phagocyte-Associated
Microbiota Is Distinct From Matched Mucosal
Microbiota in IBD Patients

Previous studies have shown differences between stool
and mucosa-associated microbiota.'®’” To identify the
lamina propria phagocyte-associated microbiota in a thor-
ough and unbiased way, we developed an approach that
included isolation of lamina propria cells from mucosal bi-
opsy specimens followed by magnetic bead-based cell
sorting of CD11b+ cells. CD11b is a marker of myeloid
lineage cells and is expressed on phagocytic cells including
neutrophils, macrophages, monocytes, natural killer cells,
and dendritic cells."® By confirmatory flow cytometry,
approximately 90% of the sorted cells were CD45+ leuko-
cytes, of which 75% were CD11b+ (Figure 14). Counting the

*Authors share co-first authorship.

Abbreviations used in this paper: CD, Crohn’s disease; IBD, inflam-
matory bowel disease; LEfSe, linear discriminant analysis effect size;
OSM, oncostatin M; OTU, operational taxonomic unit; PCoA, principle
coordinate analysis; rRNA, ribosomal RNA; sPLS-DA, sparse partial
least squares-discriminant analysis; UC, ulcerative colitis.
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Figure 1. Flow cytometric characterization of lamina propria CD11b+ cells isolated from biopsy specimens obtained
from IBD patients. (A) The CD11b+ population was examined by determining the expression of CD33 (Siglec-3) (monocytes,
macrophages, granulocytes, dendritic cells, and mast cells) and the activation marker CD206 (mannose receptor) (macro-
phages and dendritic cells). Cells also were assessed for expression of CD14 (part of the lipopolysaccharide-receptor com-
plex) and HLA-DR (antigen presentation) in the 2 subsets. (B) Number (means + 95% CI) of CD11b+ cells isolated from
inflamed/uninflamed patient biopsy specimens. FSC-A, forward scatter area; SSC-A, side scatter area.

number of recovered cells showed that inflamed specimens
had a significantly higher number of CD11b+ cells
compared with biopsy specimens from uninflamed mucosa
(Figure 1B). A subset of biopsy specimens was used to es-
timate the composition of isolated CD11b+ cells. Individual
isolations of CD11b+ cells contained varying proportions of
cells expressing CD33 (myeloid cells), CD14 (monocytes),
HLA-DR and CD206 (dendritic cells and macrophages), and
CD15 (granulocytes, including neutrophils and eosinophils).

The bacteria associated with isolated CD11b+ cells
(referred to as phagocyte-associated microbiota) were
identified by 16S ribosomal RNA (rRNA) gene high-
throughput sequencing. To compare the microbiota associ-
ated with lamina propria phagocytes with the overlying
mucosa microbiota, we also analyzed a whole biopsy spec-
imen obtained at the same time from the same location. A
total of 22,092,652 paired-end sequences were obtained.
After quality filtering, 21,590,854 sequences were retained
with an average of 196,280 + 69,738 sequences per sample.
16S sequencing showed that both CD and UC patients
showed considerable interindividual variation in their
phagocyte-associated microbiota and mucosal microbiota.
Principle coordinate analysis (PCoA) based on weighted
Unifrac distances showed that the overall composition and
abundance of the microbiota associated with lamina propria
phagocytic cells is distinct from the mucosal microbiota
(Figure 2A). The PCoA plot also shows the similarity of the
phagocyte-associated microbiota in both UC and CD patients
by the tight clustering of the CD11b samples.

Strikingly, the phylum Proteobacteria, which is the
defining phyla associated with IBD microbiota dysbiosis, was
enriched significantly in the phagocyte-associated microbiota
of both CD and UC patients when compared with whole
mucosa (Figure 2B)."° Furthermore, a decrease in phylum
Bacteroidetes was observed in the phagocyte-associated
microbiota of both CD and UC patients compared with the

mucosal biopsy (Figure 2B). The phylum Firmicutes was
observed at a lower abundance only in the phagocyte-
associated microbiota of CD patients. Linear discriminant
analysis effect size (LEfSe) was used to detect the bacterial
taxonomic markers associated with phagocyte-associated
microbiota versus mucosa of CD and UC patients. LEfSe
analysis resulted in identification of 37 and 67 bacterial fea-
tures that differed between phagocyte-associated microbiota
vs mucosa of CD and UC patients, respectively (Figure 2C and
D). In our separate analysis of both CD and UC patients, we
focused on microbiota differences between phagocyte-
associated microbiota and mucosa only. The biological con-
sistency step of LEfSe ensured that the highly differential
bacterial feature in phagocyte-associated microbiota is char-
acteristic of both inflamed and noninflamed sites and is
significantly different from that of mucosal samples. In CD
patients, operational taxonomic units (OTUs) belonging to
genus Bilophila, Bifidobacterium, Paenibacillus, Mezo-
rhizobium, and unclassified Enterobacteraceae were more
abundant in the mucosa than phagocytes. Conversely, OTUs
belonging to genus Burkholderia, Prevotella, Bifidobacterium,
Akkermansia, Stenotrophomonas, Bradyrhizobium, Devosia,
Herbaspirillum, Sediminibacterium, Brevundimonas, Ralstonia,
Sphingomonas, Cupriavidus, Novosphingobium, Blautia, Afipia,
Anaerococcus, and unclassified families of Caulobacteraceae,
Oxalobacteraceae, Rikenellaceae, and Clostridiaceae were
more abundant in phagocytes than the mucosa in CD patients.

LEfSe analysis of samples from UC patients indicated
increased abundance of genera Cupriavidus, Blautia, Akker-
mansia, Burkholderia, Blautia, Herbaspirillum, Sphingomo-
nas, Eubacterium, Brevundimonas, Prevotella, Paenibacillus,
Megasphaera, and unclassified genera from families Rike-
nellaceae, Enterobacteriaceae, Lachnospiraceae, Clos-
tridiaceae, $24 7, Bifidobacteriaceae, and Ruminococcaceae
in the phagocytes. Bacterial OTUs from genus Bacteroides,
Paenibacillus, Akkermansia, Prevotella, Mesorhizobium,
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Figure 2. Phagocyte-associated microbiota in IBD patients is distinct from the mucosal microbiota. (A) Constrained
Analysis of Principal Coordinates (CAP) ordination plot based on Bray-Curtis distance shows separation of mucosal and
phagocyte-associated microbiota samples in IBD patients. (B) Relative abundance (means + SD) of phyla that differed be-
tween mucosal and phagocyte-associated microbiota of IBD patients. **P < .01, *P < .05 by 1-way analysis of variance and
the Sidak correction for multiple comparisons. (C and D) Cladogram of bacterial taxa after analysis by LEfSe. Yellow represents
nonsignificant taxa with linear discriminate analysis (LDA) scores of <2 whereas LDA scores of >2 represent taxa that are
significantly enriched in mucosa (red) and phagocyte-associated microbiota (green) of (C) CD and (D) UC patients, respec-
tively. n = 110 obtained from 33 and 22 pairs of matched mucosa and CD11b-positive cells from 20 CD and 12 UC patients,
respectively. MDS1 and MDS2, refer to axis 1 and axis 2 of the plot; PAM, phagocyte-associated microbiota.

Bifidobacterium, Streptococcus, Odoribacter, Leptospirillum,
Lachnospira, Sutterella, Halomonas, Buchnera, and families
Rikenellaceae, Enterobacteriaceae, Lachnospiraceae, Chla-
mydomonadaceae, and Ruminococcaceae were more abun-
dant in the mucosa of UC patients.

Our data show that it is feasible to perform deep
sequencing of an isolated cell subset from the lamina
propria. We show that phagocytes have a distinct compo-
sition of microbiota compared with the mucosa.

Inferred Metagenomics Reveals Functional
Differences Between Lamina Propria Phagocyte
and Mucosal Microbiota

Previous studies have shown that the composition and
abundance in microbiota belies similarities in function be-
tween bacterial communities across individuals.'” By
contrast, a few studies have reported functional metabolic
alterations in the microbiota of IBD patients.>*° To deter-
mine if the bacterial abundance differences we observed
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Figure 3. LEfSe comparison of predicted metabolic pathways from phagocyte-associated microbiota and mucosa-
associated microbiota of IBD patients. Metabolic pathways significantly enriched in phagocyte-associated microbiota
are shown in green for CD and in blue for UC. The pathways that are significantly enriched in mucosal microbiota are shown in
pink for CD and in grey for UC. Pathways were considered significant with P < .05 and linear discriminate analysis (LDA) score
>2. (A) Significantly altered pathways in UC. Data were inferred from 44 samples (22 pairs of matched mucosa and CD11b+
cells) from 12 subjects. (B) Significantly altered pathways in CD. Data were inferred from 66 samples (33 pairs of matched

mucosa and CD11b+ cells) from 20 subjects.

between the phagocytes and the mucosa resulted in distinct
metabolic gene profiles we performed PICRUSt analysis.”’
To assess the functional gene profile of the phagocyte-
associated microbiota and the matched mucosal biopsy,
we used PICRUSt to convert OTU counts from 16S rRNA
gene data into functional gene counts. HUMAnN was used to
determine the gene pathway abundance in all the samples.*?
LEfSe was used to investigate functional differences be-
tween mucosa and lamina propria phagocyte-associated
microbiota of UC and CD patients (Figure 34 and B). In
general, the phagocyte-associated microbiota and mucosa of
both CD and UC patients differed in functions associated
with metabolism of lipids, xenobiotics, amino acids, carbo-
hydrates, vitamins and cofactors, and genetic information
processing. For example, compared with its matched mu-
cosa, the phagocyte-associated microbiota of CD patients
was significantly enriched in genes associated with lipid
metabolism, metabolism of terpenoids and polyketides
(including arachidonic acid metabolism), carbohydrate
metabolism, and some amino acid and xenobiotic degrada-
tion pathways. Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways associated with retinol metabolism,
flavonoid biosynthesis, bile secretion, and peroxisome
proliferator-activated receptor signaling also were enriched
in phagocyte-associated microbiota of CD patients compared
with the mucosa. In contrast, we observed a significant

decrease in gene pathways associated with genetic infor-
mation processing (including transcription, translation,
replication, and repair) and glycan biosynthesis and meta-
bolism in the phagocyte-associated microbiota of CD pa-
tients compared with the mucosa. Genes associated with
nucleotide metabolism, amino acid metabolism, metabolism
of vitamins and cofactors, and the phosphotransferase sys-
tem also were decreased in the phagocyte-associated
microbiota of CD patients compared with the mucosa.
When examining UC samples, the mucosal samples were
more abundant in bacterial secretion systems, whereas
genes for cell motility, including flagellar assembly
and bacterial chemotaxis, were more abundant in the
phagocyte-associated microbiota. Genes for 2-component
system signaling and (-lactamase resistance were signifi-
cantly enriched in the phagocyte-associated microbiota of
UC patients compared with their mucosa. Similar to the
phagocyte-associated microbiota of CD patients, the UC-
associated phagocyte-associated microbiota also was
enriched in genes involved in certain xenobiotic degradation
pathways. Similar to the phagocyte-associated microbiota in
CD patients, the phagocyte-associated microbiota of UC pa-
tients was deficient in genes associated with genetic infor-
mation processing and glycan biosynthesis and metabolism.
The earlier-described results suggest that the observed
microbial differences between phagocyte-associated
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microbiota and mucosa also contribute to functional and
metabolic  differences between phagocyte-associated
microbiota vs mucosa. These differences may be owing to
specialized functions needed to facilitate epithelial trans-
location to the lamina propria and/or survival in the altered
environment of the inflamed tissue.

Phagocyte-Associated Microbiota Is Similar
Between Matched Inflamed and Uninflamed
Samples From IBD Patients

To date, only a few studies have compared the mucosal
microbiota differences that occur within a single patient
between inflamed and noninflamed mucosal sites,”"s'15 and
these studies have had inconsistent findings. Here, we
compared mucosal microbiota from inflamed mucosa with
noninflamed mucosa of UC and CD patients, respectively.
Similar to previously published studies,”” we found that the
mucosal microbiota of inflamed regions is similar to
matched noninflamed regions in both CD and UC patients
(Figure 4).

We next examined if inflammation changed the compo-
sition of the phagocyte-associated microbiota compared
with uninflamed samples. Active inflammation may result in
increased epithelial permeability and opportunistic invasion
of the lamina propria by pathobionts. In this assessment, UC
and CD patients were considered separately, and the
phagocyte-associated microbiota from inflamed regions was
compared with its matched noninflamed regions. We
defined noninflamed samples as those in which no inflam-
mation was present by either endoscopy or histology. For
both CD and UC patients, we observed that, within patients,
Unifrac distances between phagocyte-associated microbiota
from inflamed and noninflamed sites was less than the
equivalent distance between the phagocyte-associated
microbiota from inflamed or noninflamed sites from
different patients (Figure 54 and B). These results, although
not reaching statistical significance, indicate that the
microbiota from the noninflamed region of a patient is more
similar to its own inflamed microbiota than to the non-
inflamed microbiota of any other person. We also show that
the PCoA plot of inflamed and noninflamed phagocyte-
associated microbiota overlap, indicating that the
phagocyte-associated microbiota from noninflamed regions
is similar to inflamed regions (Figure 5C and D). An out-
based univariate differential abundance analysis using
DESeq2 package, followed by adjustment for false-discovery
rate, indicated that with only a few exceptions, the relative
abundance of bacterial OTUs were comparable between
phagocyte-associated microbiota from paired inflamed and
noninflamed samples. Overall, these analyses indicate that
the phagocyte-associated microbiota represents an in-
dividual's microbiota regardless of inflammatory state or
location of the biopsy.

Dysbiosis in Lamina Propria Phagocytes of IBD

Patients Relates to the Disease Phenotype
Similar to other studies, we compared the mucosal
microbiota of UC patients vs CD patients obtained from the
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same intestinal anatomic site and inflammation status.
Similar to other studies,’ we found more differences be-
tween CD and UC patients at noninflamed mucosal sites
(Figure 6) than inflamed mucosa (data not shown).

We next examined if the same observations were re-
flected in the phagocyte-associated microbiota of IBD pa-
tients. We compared phagocyte-associated microbiota
isolated from inflamed CD tissue (n = 8) with phagocyte-
associated microbiota isolated from inflamed UC tissue
(n = 10) obtained from the rectosigmoid colon. We also
separately compared phagocyte-associated microbiota iso-
lated from noninflamed tissue obtained from the ascending
colon of CD patients (n = 7) with noninflamed phagocyte-
associated microbiota isolated from ascending colon of UC
patients (n = 9). Contrary to our data on the mucosal
microbiota, numerous significant differences were observed
in the inflamed phagocyte-associated microbiota compared
between UC and CD patients. After adjusting for false-
discovery rate (q < 0.05), the abundance of 17 OTUs
(Figure 7) differed significantly between inflamed
phagocyte-associated microbiota of UC patients compared
with inflamed phagocyte-associated microbiota of CD pa-
tients. Of the 17 OTUs, 11 belonged to phylum Proteobac-
teria and 6 belonged to phylum Firmicutes, with all the OTUs
relatively more abundant in CD patients compared with UC
patients. The abundance of only 2 OTUs were significantly
different between phagocyte-associated microbiota from
noninflamed colon of UC and CD patients, with genera
Slackia (phylum Actinobacteria) more abundant in the
phagocyte-associated microbiota of UC patients and
940tu22202 (phylum Cyanobacteria) more abundant in
phagocyte-associated microbiota of CD patients. These re-
sults suggest that the phagocyte-associated microbiota dis-
tinguishes CD and UC in the setting of inflammation.

Immune Gene Expression in CD11b+ Cells
Relates to the Inflammation State of the Disease

Given that we have shown that lamina propria phago-
cytes have a microbiota pattern that reflects the inflamma-
tion state and type of IBD, we next asked whether
IBD-related genes are expressed differentially in the same
cell types. We performed gene expression profiling of an
aliquot of the CD11b+ cells by nCounter technology
(NanoString, Seattle, WA) using a custom-designed panel
consisting of IBD susceptibility genes curated for their
specific expression in innate immune cells.

The most differentially expressed genes in inflammation
included LILRAS, S100A9, S100A12, CXCR2, S100A8, CLEC4E,
CXCL1, SLC11A1, OSM, LILRB3, CXCR1, CHI3L1, IL1B, and
CXCL8. Interestingly, oncostatin M (OSM), a member of the
IL6 cytokine family, was highly up-regulated in inflamed
CD11b+ cells in this data set. West et al*® recently showed
that a high pretreatment level of OSM was associated with
primary nonresponsiveness to anti-tumor necrosis factor
therapy. In their study, OSM messenger RNA levels were
assessed in published data sets of mixed mucosal biopsy
specimens and confirmed in activated CD4+ memory T cells
and HLA-DR+ mononuclear cells. Consistent with these
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Figure 4. Mucosal microbiota is similar at inflamed and noninflamed sites of IBD patients. Bray—Curtis distance (means +
SD) for each inflamed and noninflamed sample from the same and different individuals are plotted for (A) UC (10 pairs of
inflamed and noninflamed samples from 10 subjects) and (B) CD patients (8 pairs of inflamed and noninflamed samples from 8
subjects). PCoA based on Bray-Curtis distances between OTUs detected from matched inflamed and noninflamed mucosa of
(C) UC and (D) CD patients as used to generate ordination plots for viewing the relative positioning of inflamed (red squares)
and noninflamed (green circles) samples in 2 dimensions. Numbers in parentheses indicate the percentage variation explained

by the axis. B/w, between; |, inflamed; NI, non-inflamed.

data, we show an increase in OSM gene expression in iso-
lated CD11b+ cells from inflamed biopsy specimens in both
CD and UC patients compared with uninflamed regions.
Likewise, up-regulation of CHI3L1 and CLEC4E as observed
in this study, was reported previously in IBD patients and
may play a role in facilitating entry of adherent invasive
Escherichia coli?**° Thus, our choice of examined tran-
scripts reflects a biologically relevant list of genes in the
pathogenesis of IBD and links back to local and generalized
dysbiosis in IBD patients.

Principle component analysis of gene expression counts
showed clustering of inflamed UC and CD patients away
from the noninflamed samples (Figure 84). No significant
gene expression differences were observed when
comparing the inflamed UC vs CD phagocytes. In UC pa-
tients, we observed significant differential expression of 19
genes in lamina propria phagocytes isolated from non-
inflamed vs inflamed biopsy specimens (Figure 8B). Of the
19 genes that showed differential expression, 17 were up-
regulated in phagocytes from inflamed tissues and only
ITSN1 (an endocytosis-associated protein) and Clorfl106
mRNA were increased in noninflamed CD11b+ phagocytes.

In CD patients, we found differential expression of 46
genes between noninflamed and inflamed samples
(Figure 8C). Phagocytes isolated from inflamed areas in CD
patients showed 20 genes increased and 26 genes
decreased compared with their noninflamed counterparts.
Similar to UC samples, ITSN1 and Clorfl06 were up-
regulated in the noninflamed CD11b+ phagocytes of CD
patients compared with inflamed phagocytes. Of the 18
genes up-regulated in inflamed UC phagocytic cells, 15
genes were similarly up-regulated in inflamed CD phago-
cytic cells (Figure 8D). These data suggest there is a
CD11b+ signature of inflammation that is largely shared
between UC and CD.

Phagocyte-Associated Microbiota Correlates
With Innate Immune Gene Expression in IBD
Patients

We further investigated potential associations between
the phagocyte-associated microbiota and gene expression in
the same CD11b+ cells. Here, we focused only on bacterial
OTUs significantly enriched in lamina propria phagocytes
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Figure 5. Dysbiosis in phagocyte-associated microbiota of IBD patients is not associated with inflammation state.
Bray—Curtis distance (means + SD) for each inflamed and noninflamed sample from the same and different individuals are
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and host gene expression significantly altered between
lamina propria inflamed and noninflamed sites. The lamina
propria phagocyte gene expression that correlated with
more than 2 bacterial OTUs (P < .05) are represented in a
heatmap (Figure 9). Although after adjusting for the false-
discovery rate we did not observe any significant
Spearman correlation between microbes and genes, we
observed some notable trends with correlation coefficients
ranging from 0.3 to 0.5 and -0.3 to -0.5. The genes that were
associated with microbial abundance formed 2 clusters
(Figure 9). Cluster A was expressed at high levels in
phagocytes isolated from inflamed tissue, whereas cluster B
consisted of genes expressed at low levels in these cell types
when compared with phagocytes isolated from noninflamed
sites. Up-regulated genes in cluster A showed a noticeable
positive correlation with genera Bacteroides, Akkermansia,
Devosia, and Brevundimonas diminuta. Down-regulated
genes in cluster B showed noteworthy positive correlation
with genera Sutterella, Akkermansia, and Blautia, and OTUs
belonging to family Clostridiaceae. These results suggest
that the variation in the abundance of specific groups of

microbiota may affect gene expression levels in host lamina
propria phagocyte cell types.

We have shown that the phagocyte-associated micro-
biota is different between inflamed biopsy specimens of
UC and CD patients (Figure 7) and that gene expression
of several genes is different between inflamed and non-
inflamed CD11b+ cells (Figure 8B). We next aimed to
determine if the combination of these 2 measures in
CD11b+ cells could be used to classify the samples based
on both their disease phenotype and their inflammation
status. Using the earlier-described edited lists of signifi-
cantly altered OTUs and gene expression data, we
assessed the ability of the combined list to predict the
inflammation state and disease type by using sparse
partial least squares-discriminant analysis (sPLS-DA)
(Figure 10). Although both the OTU and gene expression
data independently were able to cluster the different
groups of samples to some extent, the concatenated list of
both data sets was better at differentiating the 4 groups
(Figure 10). Using the sPLS-DA model to build receiver
operating characteristic curves and assessing area under
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Figure 6. Mucosa-associated microbiota is distinct in UC
and CD. Graphic summary of bacterial features that differed
significantly (false-discovery rate corrected P < .05 by the
Wald test from the DESeq2 package) between noninflamed
ascending colon mucosa of CD (N = 7) and UC patients (N =
9). The y-axis represents the log, fold change in bacterial
relative abundance in UC over CD, with a negative log, fold
change indicating a significant increase in CD mucosa and a
positive log, fold change indicating a significant increase in
UC mucosa. Points are OTUs belonging to each genus.

the curves showed that the concatenated list using 4
components could discriminate the groups from each
other with area under the curve values ranging from
0.978 to 1 (Figure 10B). This is a promising suggestion
that the microbiota and gene expression of lamina
propria phagocytes may be used to predict disease type
and inflammation. Because this was a pilot study we were
not able to confirm the model with an independent
cohort.

Discussion

In the past decade, there have been extensive studies
examining the intestinal microbiome in patients with IBD.
Cataloging the microbiota has led to some broad observa-
tions. Most studies have compared stool or mucosal biopsy
specimens from IBD patients with healthy controls or
symptom controls without IBD." ® Generally, these studies
have shown a decrease in diversity of the microbiota and an
increase in Proteobacteria and Actinobacteria. Studies also
have suggested that few differences exist between inflamed
and noninflamed tissue. However, the methods used in the
different studies varied widely. Other trends that recently
have emerged are that effective treatment, whether with
biologics or diet, generally results in increased diversity and
normalization of the microbiota.?® Unfortunately, none of
these studies has resulted in actionable strategies to inform
the treatment of IBD. Moreover, none of these studies has
endeavored to link gene expression of isolated cells with the
microbiota.

In this study, we aimed to determine if the lamina
propria microbiota was a better indicator of disease path-
ogenesis than the mucosa-associated microbiota and
whether it could be correlated with inflammatory gene
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expression. These approaches may provide insights into
immune responses driving inflammation and provide tar-
gets for intervention. Our study provides an important proof
of principle that there are differences between the mucosa-
associated microbiota and the microbiota that is found in
lamina propria immune cells. We describe an approach that
allowed us to amplify and detect bacteria that are found at
very low abundance in the gastrointestinal tract. The pres-
ence of these bacteria in the phagocyte-associated micro-
biota may participate in initiating or promoting IBD.

Because this is a proof of principle, we chose to look
broadly at lamina propria phagocytes. Isolating CD11b-
positive cells allowed us to survey the majority of
different subsets of phagocytes that may be present in both
inflamed and noninflamed biopsy specimens. We did this for
several reasons. We reasoned that lamina propria phago-
cytes would be the first line of defense for microbiota that
breached the epithelial barrier and therefore could act as
sentinels for microbiota that had more invasive properties.
In addition, genetic data in IBD implicate macrophages and
defects in innate immunity in pathogenesis of disease. We
also wanted to be able to isolate sufficient cells per site to
allow us to perform both microbiota 16S sequencing as well
as gene expression from the same cells. Future studies
should examine specific subsets of phagocytic cells to
determine if there is even more specificity of microbiota
based on myeloid cell subtype.

The majority of the microorganisms identified in this
study are normal inhabitants of the gut. Some of these
bacteria including Akkermensia, Bifidobacterium, Strepto-
coccus, Sutterella, Prevotella, and Blautia have been associ-
ated previously with inflamed mucosa. Other bacteria, such
as Herbaspirillum and Cupriavidus (mainly from phyla Pro-
teobacteria) are not encountered frequently in the gastro-
intestinal tract. On the other hand, some culture and deep
sequencing studies have reported their presence in human
beings, albeit at different body sites, under diseased condi-
tions or as pathogens in immune-compromised individuals
or nosocomial infections.”’ *° Under inflammatory condi-
tions, as observed in IBD, these bacteria can become
opportunistic survivors, inhabiting the deeper layers of
inflamed mucosa and ultimately finding their way to lamina
propria phagocytes.

Our results showed significant differences between the
mucosal microbiota and that associated with lamina propria
phagocytes. IBD is associated with increased nitric oxide
and methane production in the gut.*' The higher abundance
of Proteobacteria in phagocyte-associated microbiota in-
dicates a switch from the anaerobic gut environment to
auxotrophic, which promotes the growth of pathobionts.
Sphingomonas species previously have been reported to
modulate the function of invariant natural killer T cells.*”
Similarly, Prevotella species have been shown to augment
inflammation by promoting T helper 17 cell-mediated
mucosal inflammation.*® Increased abundance of both of
these bacteria in phagocytes indicates a selective invasion of
bacteria capable of modulating immune responses toward
inflammation. Intriguingly, we observed that some bacterial
families and genera (such as Prevotella, Akkermensia,
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Figure 7. Dysbiosis in phagocyte-associated microbiota
of IBD patients relates to disease phenotype. Graphic
summary of bacterial features that differed significantly (false-
discovery rate corrected P < .05 by the Wald test from the
DESeqg2 package) between inflamed sigmoid colon phago-
cyte fractions of CD (N = 8) and UC (N = 10) patients. The y-
axis represents the log, fold change in bacterial relative
abundance in UC over CD, with a negative log, fold change
indicating a significant increase in CD and a positive log, fold
change indicating a significant increase in UC mucosa. Points
are OTUs belonging to each genus.

Bifidobacterium, Rikkenellaceae, and Enterobacteraceae)
were abundant in both mucosa and phagocyte-associated
microbiota. These bacteria have high species diversity, and
even a single species of these bacteria can have different
strains. Therefore, the distribution of these bacteria from
the same species can be strain-specific, with some strains
possessing more invasive characteristics and thus being
more abundant in phagocyte-associated microbiota,
whereas others are more abundant in mucosa.

Although meta-transcriptomic analysis is better for
assessing functional pathways in microbiota, our starting
cells are of mammalian origin and therefore most of the
RNA sequences are from the host, not bacteria. Thus, PIC-
RUSt represents the best way to perform this analysis. The
results from PICRUSt analysis indicated that xenobiotic
degradation pathways are more abundant in the phagocyte-
associated microbiota, whose metabolites are known to
promote oxidative stress and bacterial virulence. Adult IBD
patients have lower folate and biotin concentrations.**
Abnormal folate levels can play a role in IBD pathogenesis
by modifying DNA methylation. In our study, we found that
the folate biosynthesis pathway was less abundant in the
phagocyte-associated microbiota of both CD and UC pa-
tients. Likewise, there was an underrepresentation of core
genetic processing pathways in the phagocyte-associated
microbiota compared with mucosa. These results indicate
that compared with the mucosa, the microbiota associated
with lamina propria phagocytes more closely represents

Cellular and Molecular Gastroenterology and Hepatology Vol. 9, No. 3

compositional and functional characteristics representative
of the inflamed state described previously by various
studies. ™© Collectively, these results also indicate that the
lamina propria of IBD patients consists of an environment
that favors bacteria with properties of invasion, virulence,
auxotrophy, and possibly immune system modulation.

Whole-genome gene expression analyses of IBD patients
have shown important candidate genes in IBD. However,
these studies were not able to identify any major differ-
ences between CD and UC gene expression patterns.35
These studies were based on heterogeneous samples of
the mucosa, which is a complex tissue composed of
different cell types. The numbers of these cells differ from
patient to patient. A strength of our study was the use of a
subset of these cell types, namely CD11b+ lamina propria
phagocytes. In this study, we observed that the total
number of genes that were expressed differentially be-
tween CD11b+ lamina propria phagocytes of inflamed and
noninflamed sites were far higher in CD patients as
opposed to UC patients. This observation may be owing to
deeper penetrating inflammation in Crohn’s disease vs
more superficial involvement of mucosa in ulcerative coli-
tis. Consistent with Granlund et al,*® our results showed no
major differences in innate immune gene expression of
inflamed lamina propria phagocytes between CD and UC
patients. This indicates that host inflammatory gene
expression does not differentiate CD vs UC. Interestingly,
OSM was highly expressed in CD11b+ cells in inflamed
tissue regardless of UC or CD. Many of the patients enrolled
in this study were receiving, or had been receiving,
anti-tumor necrosis factor therapy and had ongoing
inflammation, suggesting that OSM is associated with fail-
ure of response to therapy.”® In contrast, we did observe
significant differences in the phagocyte-associated micro-
biota found in inflamed areas between UC and CD patients.
Further studies should determine the role of these bacteria
in driving the different disease phenotypes.

Despite offering a novel approach for studying the role of
microbiota in intestinal diseases, this study was not without
limitations. For example, absence of healthy controls in this
study limited the information about the bacteria that may be
present in lamina propria of the healthy gut. In addition, we
were not able to distinguish if the bacteria amplified from
lamina propria fractions were attached or engulfed by the
phagocytic cells. Regardless of these limitations, we believe
that the ability to use nonconventional lamina propria
phagocyte fractions as a microbiota sample source provides
a unique perspective for future studies aimed at studying
the role of microbiota in the gastrointestinal tract.

Ultimately, our goal was to translate our findings to the
care of IBD patients. Antibiotics have had very modest ef-
ficacy in the treatment of IBD,3® and fecal microbial trans-
plant has shown efficacy only in UC.>”*® It is possible that
certain bacteria are impervious or less accessible to sys-
temic antibiotic treatment because they linger in lamina
propria phagocytes. Quite possibly, the genetic perturba-
tions underlying IBD contribute to their persistence in
phagocytic cells. The finding that the phagocyte-associated
microbiota varied little between inflamed and uninflamed
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Figure 8. Immune gene expression in CD11b+ cells relates to the inflammation state of the disease. (A) Principal
component analysis (PCA) based on log, transformed gene expression counts obtained from inflamed and noninflamed
lamina propria phagocytes of UC and CD patients (n = 6-14 samples per group). Numbers in parentheses indicate the
percentage variation explained by the axis. (B) Venn diagram showing the number of differentially expressed genes that were
shared between inflamed and noninflamed samples obtained from CD and UC patients. (C and D) Volcano plots showing
genes differentially expressed between inflamed and noninflamed samples from CD and UC patients, respectively. Colored
symbols in the volcano plots represent genes that were significantly more abundant (log, fold change greater than 1 and
Padjusted < .1) in the respective groups: CD inflamed (grey), CD noninflamed (green), UC inflamed (blue), UC noninflamed
(pink). The P values were obtained by t test followed by adjustment for false-discovery rate. |, inflamed; NI, non-inflamed.
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Figure 9. Bacterial correlations to gene expression in
lamina propria phagocytes. Heat map showing the
Spearman correlation coefficient (p) values of genes
expressed in lamina propria phagocytes and phagocyte-
associated microbiota. The data represent correlation
values obtained from 33 samples collected from inflamed and
noninflamed regions of UC (N = 7) and CD (N = 12) patients.
Columns correspond to OTUs and rows correspond to genes
that had more than 2 correlations with P < .05 without
adjusting for false-discovery rate. Scale bar: (left to right)
represents a negative correlation in blue to a positive corre-
lation in red. The genes and bacterial OTUs were clustered by
Euclidean distance. Cluster A (green) and B (purple) labeled at
the nodes of the dendrogram represent group of genes that
were expressed significantly more (cluster A) or less (cluster
B) in CD11b+ cells from inflamed areas compared with
noninflamed areas, respectively. Within the OTU labels, U
refers to unclassified, B refers to genus Brevundimonas and A
refers to genus Akermensia.

regions of the same patient allowed us to speculate that
biopsy specimens taken in the distal colon may inform us of
what is happening proximally and may someday aid in
therapeutic decisions. To validate these observations, large-
scale studies would need to be performed to identify
whether genetic risk or aberrant innate immune signaling in
IBD contributes to the microbiota community in the lamina
propria of IBD and whether the lamina propria microbiota
contributes to IBD. It is our hope that approaches such as
these could be used in personalized strategies for the
treatment of IBD patients.

Cellular and Molecular Gastroenterology and Hepatology Vol. 9, No. 3

Methods
Subjects, Ethics Statement, and Biopsy
Specimen Acquisition

Six to 8 pinch biopsy specimens were collected from a
total of 32 patients (20 CD and 12 UC) at the time of colo-
noscopy from the ileum, ascending colon, and/or sigmoid
colon for a total of 55 samples. An additional 4 biopsy
specimens were collected from each site for pathology. One
biopsy for each sample was transferred to RNAlater solution
(cat #AM7020; Thermo Fisher Scientific, Waltham, MA) and
stored at -80°C for studying mucosal microbiota. The
remaining biopsy specimens were transferred to 1 mL of
HypoThermosol FRS preservation solution (cat #H4416-
100ML; Sigma-Aldrich, St. Louis, MO) to be used immedi-
ately for isolating lamina propria CD11+ phagocyte cell
populations. Of the 32 patients, paired biopsy specimens of
inflamed and noninflamed tissue were collected from 8 CD
and 10 UC patients, whereas from the 14 remaining patients
(12 CD and 2 UC), biopsy specimens were collected from
either inflamed or noninflamed mucosa only. The use of
human samples for this study was approved by the Uni-
versity of Miami Institutional Review Board. The clinical and
demographic characteristics of the patients included in the
study are shown in Table 1.

Lamina Propria Phagocytic Cell Isolation and
Magnetic-activated Cell Sorting Sorting

CD11b+ cells from intestinal lamina propria were iso-
lated from 6-7 mucosal biopsy specimens. Lamina propria
cells were isolated as previously described.*” Briefly, biopsy
specimens were rinsed with phosphate-buffered saline and
incubated in 10 mmol/L dithiothreitol (cat #646563; Sigma-
Aldrich) in Dulbecco’s modified Eagle medium on an orbital
shaker at room temperature for 20 minutes. The superna-
tant was discarded and the biopsy specimens were rinsed
and treated with 1 mmol/L EDTA (cat #15575020; Thermo
Fisher Scientific) with shaking at room temperature for 20
minutes. Again, the supernatants were discarded and the
biopsy specimens were digested to a single-cell suspension
in 2.5 mg/mL Liberase (cat #5401127001; Roche, Indian-
apolis, IN) with 1 U/uL. DNase (cat #D9905K; Epicentre,
Madison, WI) in rotation at 37°C for 30 minutes. After 2
washes, cells were labeled with CD11b+ microbeads (cat
#130-049-601; Miltenyi-Biotec, Auburn, CA) as per the
manufacturer’s instructions and positively selected after
passage through an LS MACS column (cat #130-042-401;
Miltenyi-Biotec). The purity of selected isolations was tested
by flow cytometry. Isolated cells were stained with anti-
bodies against CD11b-APCcy7 (cat #557657, M1/70; BD
Biosciences, San Jose, CA), CD15-eF450 (cat #557657, HI98;
Thermo Fisher Scientific), CD206-APC (cat #550889, 19.2;
BD Biosciences), HLA-DR-fluorescein isothiocyanate (cat
#555559, TU36; BD Biosciences), and CD14-BV786 (cat
#563698, M5E2; BD Biosciences), and were analyzed on a
BD Fortessa instrument (BD Biosciences, San Jose, CA). To
minimize contamination and remove external bacteria, iso-
lated lamina propria CD11b+ cells were incubated with 50
ng/mL gentamicin (cat #G1397-10ML; Sigma-Aldrich) for
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20 minutes followed by 3 washes with phosphate-buffered
saline.

DNA extraction and 16S rRNA gene sequencing.
Genomic DNA was extracted from the whole biopsy and from
CD11b+ lamina propria phagocytic cell pellets using the
QIAmp Tissue DNA extraction kit (catalog #51304) and the
QIAamp DNA micro kit (catalog #56304) (Qiagen, German-
town, MD), respectively, and according to the manufacturer’s
instructions with few modifications. Although the 2 kits were
similar in the DNA extraction methodology as well as
chemicals used, we found that the micro kit (cat #56304) was
more suitable for small numbers of CD11b+ cells with very
low total DNA concentration owing to its requirement of a
small elution volume. DNA quantification was performed
with the Qubit Quant-iT dsDNA High Sensitivity Kit

Table 1.Characteristics of the Patients and Biopsy
Specimens Included in This Study

CD (N = 20) UC (N=12)
Male/female 713 6/6
Treatment
None 3 1
Anti-TNFs 5 4
Anti-p40 2 0
(ustekinumab)
Vedolizumab 3 0
Others 7 7
Biopsy location Inflamed/ Inflamed/
noninflamed noninflamed
lleum 10/2 0/1
Rectosigmoid colon 8/1 111
Ascending colon 4/7 0/9
Transverse colon 1/0 0/0

TNF, tumor necrosis factor.

(Invitrogen, Grand Island, NY). Bacterial 16S V4 ribosomal
DNA was amplified using 2 differently barcoded V4 fusion
primers. Pooled polymerase chain reaction samples were
purified and paired-end sequenced on MiSeq instrument for
250 cycles (Illumina, San Diego, CA). The steps from DNA
quantification to sequencing were conducted at Second
Genome, Inc. (San Francisco, CA)

Microbiota data analysis. The OTU count table, o di-
versity metrics, and @ diversity metrics were generated by
Second Genome, Inc, using the secondgenomeR package:
0.2.4. Briefly, paired-end reads were aligned, quality-filtered,
and dereplicated with USEARCH.*® After removing chimeric
sequences, representative OTUs were picked by de novo OTU
clustering at 97% similarity by UPARSE."" Bacterial taxo-
nomic classification was assigned to the representative se-
quences using the Mothur Bayesian classifier trained against
the Greengenes reference database of 16S rRNA gene se-
quences clustered at 99%. Weighted sample-to-sample dis-
tance matrices were calculated using Bray-Curtis
dissimilarity.*” Unweighted distance matrices were calcu-
lated with the Jaccard*® index. PCoA plots were used to po-
sition samples relative to each other based on their
dissimilarity values. LEfSe was performed to detect bacterial
biomarkers that differed significantly between assigned
groups.”* Bacterial taxon significance testing was performed
using the DESeq2 package,”” a negative binomial noise model
for overdispersion, and the Poisson process as described for
microbiome applications.*® False-discovery rates were
calculated with the Benjamini-Hochberg procedure to obtain
adjusted P values. The sequences obtained in this study have
been submitted to the European Genome-phenome Archive
database under accession number EGAS00001003105.
Nanostring gene expression data analysis. CD11b-
positive cell lysates were obtained by disrupting the cells
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with RLT buffer (cat #79216; Qiagen) at a concentration of
1 uL per 10,000 cells. The cell lysates were hybridized with
a custom-designed code set of 347 genes related to innate
immunity according to the manufacturer’s instructions
(NanoString, Seattle, WA). The genes were selected based on
published IBD-associated gene signatures as well as genes
associated with common bacterial recognition pathways and
autophagy. The raw data were analyzed using nSolver
Analysis software (NanoString). Only 33 of 48 samples
passed the quality control. The data were normalized to
average gene expression of the housekeeping genes. During
the data normalization process, 110 genes were below the
detection limits in 80% of the samples. These genes were
removed from further analyses, leaving a total of 237 genes
for downstream analysis. Further statistical analysis was
performed on the log, transformed normalized data. The
Student t test was used to compare 2 groups and the P
values obtained were adjusted for false-discovery rate by
the Benjamini-Hochberg procedure. Results were consid-
ered significant when q < 0.10 (adjusted P value). The
Spearman correlation coefficient and significance was
determined in R using the psych package. A volcano plot and
heat map were constructed in R.

SPLS-DA. A subset of significantly altered messenger RNAs
(49) and OTUs (84) were either assessed separately, or
concatenated and subjected to sPLS-DA using the mixOmics
package available in R.*”*® ROC curves based on the sPLS-
DA model were plotted using the area under the receiver
operator characteristic function.
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