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Distinct Microbiotas are Associated with lleum-Restricted and
Colon-Involving Crohn’s Disease

Timna Naftali, MD,* Leah Reshef, PhD,” Amir Kovacs, MSc," Ron Porat, MD,* Itay Amir, PhD,"
Fred M. Konikoff, MD, MSc,* and Uri Gophna, PhD?

Background: The etiology of inflammatory bowel disease is believed to involve a shift in the microbiota toward more proinflammatory species.
Crohn’s disease (CD) usually manifests as one of three phenotypes, involving inflammation of the terminal ileum, the colon, or both. However, what
determines the particular phenotype and the level of disease activity remains unknown. In this study, we aim to characterize the intestinal microbiota
associated with different CD phenotypes.

Methods: DNA was extracted from biopsies of 31 patients with ileal, ileocolic, or colon-restricted CD, and also from 5 non—inflammatory bowel
disease control subjects, and analyzed by 16S rRNA gene amplicon pyrosequencing. Data were processed using the Quantitative Insights Into Microbial
Ecology pipeline and analyzed using linear discriminant analysis with effect size estimation and PICRUSt algorithms. Two additional recently published
cohorts were also analyzed in this study.

Results: Highly significant separation was observed between bacterial composition of ileal CD compared with CD with colonic involvement (genus
level Bray—Curtis P = 0.005, R = 20%). This separation was unaffected by the biopsy’s location or its inflammatory state, or by the patients’ condition
(remission or relapse). Faecalibacterium was strongly reduced in ileal CD compared with CD with colonic involvement, whereas Enterobacteriaceae
were more abundant in the former. Fusobacterium relative abundance was strongly correlated with disease activity in patients with ileal-involving, but
not in colon-involving, CD.

Conclusions: Tleal and colon-involving CD sustain distinct microbiotas, suggesting that different mechanisms underlie the two major manifestations of

CD. The potential contribution of Fusobacterium to inflammation in ileal CD should be further investigated.

(Inflamm Bowel Dis 2016;22:293-302)
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M ultiple lines of evidence support microbial involvement in
the etiology of inflammatory bowel disease (IBD). Several
rodent models of IBD, such as interleukin-10 knock-out mice or
transgenic HLA-B27 rats, do not develop experimental colitis in
the absence of microbiota."* The products of genes associated
with IBD susceptibility are involved in recognition of bacterial
motifs™ or in host response against intracellular pathogens.>*
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Microbiota analysis studies have repeatedly shown association of
IBD with microbial dysbiosis, a shift in the intestinal microbiota
toward more proinflammatory microbial species.””” Dysbiosis in
Crohn’s Disease (CD) has been particularly well characterized.
Multiple studies have shown a reduction in key taxa of the Rumi-
nococcaceae and Lachnospiriceae families and an increase in the
Enterobacteriaceae and Fusobacteriaceae.'® ' A recent study that
has analyzed a large cohort of new-onset patients with CD has
defined a Microbial Dysbiosis Index (MDI), intended to measure
the extent of dysbiosis in a given sample in an IBD context."?
CD may occur anywhere along the digestive tract, yet most
patients display involvement restricted to certain parts. Up to one-
half of patients have disease affecting both ileum and colon
(icCD), about a third have involvement of the small intestine,
primarily the terminal ileum (iCD), and others have isolated
colonic disease (cCD). Involvement of the proximal gastrointes-
tinal tract is much less common. Differences in serological,'
clinical,’ and genetic'®'® markers between iCD and cCD have
been demonstrated, yet the mechanisms underlying these different
location phenotypes remain unknown. Most importantly, in
a study correlating gene expression patterns and response to in-
fliximab, the researchers noted a far better treatment response,
defined as complete endoscopic and histologic healing within 6
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weeks, among patients with cCD (63%) than among those with
iCD (5%). Infliximab response strongly correlated with gene
expression in patients with cCD, but not in patients with iCD."°

A number of studies have pointed to specific microbial
characteristics of iCD. Adherent Invasive Escherichia coli strains,
common in patients with CD, are especially prevalent in iCD*
whereas Faecalibacterium is markedly reduced.'? Willing et al.
(2010) showed considerable difference between microbiotas of
iCD and ¢CD in a twin cohort of patients in remission. Neverthe-
less, in practice, many researchers and physicians still regard and
treat different CD phenotypes as if they were the same disease.

In this article, we characterize the microbiota associated
with CD location phenotypes. We analyze inflamed and healthy
biopsies, taken from dual locations, to assess the relationship
between local inflammation, microbial composition, and the
underlying CD phenotype. Both active and quiescent patients
were included to enable investigation of disease activity effects
within different location phenotypes.

MATERIALS AND METHODS

Patients and Controls

Thirty-one patients with CD treated at the Department of
Gastroenterology and Hepatology at Meir Medical Center partic-
ipated in this study. Biopsy samples were collected from the
colon, terminal ileum (TI), or both, during routine endoscopy as
part of the patients’ follow-up. Crohn’s Activity Disease Index
(CDAI) was used to assess disease activity at the time of sam-
pling. Additionally, biopsy samples were taken from the colon of
five healthy control subjects undergoing colorectal cancer surveil-
lance endoscopy. This cohort of 36 subjects is hereafter called as
the “MEIR” cohort. All patients gave informed consent and the
study was approved by the local ethics committee. Determination
of the CD location phenotype was based on the detection of

macroscopic inflammation during endoscopy. With the exception
of 2 newly diagnosed patients, all participants had established
disease; the duration since diagnosis ranged from 3 to 26 years.
None of the patients had received antibiotic treatment in the
month proceeding sampling; however, 21 patients received
S-aminosalicylic acid, steroid or azathioprine treatments (Table 1).
Clinical evaluation data per patient are summarized in Supple-
mentary Table S1 (Supplemental Digital Content, http://links.
lww.com/IBD/B178).

Sample Collection

During endoscopy, clean biopsy forceps that did not touch
formalin were used. Biopsies were taken from the TI, right,
transverse, and left colon. If a certain segment had inflamed and
not inflamed areas, the biopsies were taken from the inflamed
area. Biopsies were immediately frozen at —20°C.

Sample Processing

Biopsies were thawed at room temperature and DNA was
extracted using the Mo-Bio PowerSoil DNA Isolation Kit (Mo-Bio,
Carlsbad, CA). Samples were homogenized using the Mini-
Beadbeater (BioSpec Products, Bartlesville, OK) at maximum
speed for 1 minute and then processed according to the manu-
facturer’s protocol. Extracted DNA samples were stored at —20°C.
The presence of bacterial DNA was validated by PCR, with the
following primers: 27F 5’-AGAGTTTGATCMTGGCTCAG-3’,
338R 5’-GCTGCCTCCCGTAGGAGT-3".

16srRNA Pyrosequencing and Analysis

The 16S region ranging from position 28 to 519 was
sequenced (Research and Testing Laboratory, Lubbock, TX) by
the bacterial 16S-based tag-encoded FLX amplicon pyrosequenc-
ing method, using primers 28F 5’-GAGTTTGATCNTGGCT-
CAG-3’, 519R 5’-GTNTTACNGCGGCKGCTG-3’. Average
sequencing depth was 3163 seqs/sample. The resulting sequences

TABLE 1. Patient Characteristics

Ileal Crohn’s (iCD) Ileocolic Crohn’s (icCD) Crohn’s colitis (cCD) All

Sex (female/male) 6/9 2/6 5/3 13/18
Age (yr, average = SD) 39 £ 125 46 = 16.8 37 £59 40.6 £ 8
Active/inactive® 7/8 2/6 4/4 13/18
CDAI (average, range) 106, 34-272 94, 28-199 146, 35-214 113, 28-272
Medication at the time of sampling

Thiopurines 2 2 0 4

S-aminosalicylic acid 5 3 3 11

Methotrexate 1 0 0 1

S-aminosalicylic acid + thiopurines 1 0 0 1

Steroids + thiopurines 1 1 1 3

None 5 2 4 11

#Active disease defined as CDAI >150.
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were processed by the Quantitative Insights Into Microbial Ecol-
ogy (QIIME) package.”! UCLUST was used to pick operational
taxonomic units at a 0.97 similarity level, and taxonomy was as-
signed by BLAST (E-value < 0.001) using Greengenes database of
February 2011 as a reference. Chimeric sequences were identified
by ChimeraSlayer and removed. All sequences are freely accessible
through the MG-RAST website, project ID: 15781.

Statistical Analysis

UniFrac distances were calculated using QIIME.*' The
analysis of similarity between groups (ANOSIM) probability test,
Shannon index of diversity, and the Bray—Curtis similarity index
were calculated using PAST.?* The non-parametric Mann—Whit-
ney probability test (2-tailed) was used for 2-group nonpaired
comparisons. Linear discriminant analysis with effect size estima-
tion (LEfSe)* was performed on genus level OTU tables using
the on-line analysis tool available from http://huttenhower.sph.
harvard.edu/galaxy/. The LEfSe algorithm allows identification
of taxa that most strongly differentiate 1 group from another
(i.e., biomarkers). A P value <0.05 was considered significant.
Spearman’s correlation method was used to correlate genus or
family level OTU tables to clinical parameters. Taxa which were
present in less than 10% of samples or taxa whose abundance
across all samples was below 0.5% were removed before perform-
ing correlations. For functional analysis, the PICRUSt** algorithm
was used to predict gene abundances associated with each sample.
The HUMANN?® package was then used to summarize gene abun-
dances into KEGG modules. Finally, LEfSe was again used to
compare predicted KEGG modules of iCD samples to those of
colon-involving CD (both icCD and ¢CD). Whenever necessary,
multiple hypotheses were corrected using Benjamini and Hoch-
berg’s false discovery rate?® method.

MDI Calculation

MDI is based on two groups of taxa that were previously
found to be over or underrepresented in patients with CD when
compared with normal controls."® Taxa in the first group
(increased in CD) are Enterobacteriaceae, Pasteurellaceae, Neis-
seriaceae, Gemellaceae, Fusobacteriaceae, and Veillonellaceae.
Taxa in the second (decreased in CD) group are Erysiopelotricha-
ceae, Bifidobacteriaceae, all Bacteroidales, and all Clostridiales
excluding the Veillonellaceae. MDI is calculated using the fol-
lowing formula: log {(sum relative abundances [RAs] of taxa
increased in CD)/(sum RAs of taxa decreased in CD)}.

RESULTS

The MEIR cohort includes thirty-one patients with CD,
presenting with ileal Crohn’s (iCD, n = 15), colon-restricted
Crohn’s (¢cCD, n = 8), and ileocolic Crohn’s (icCD, n = 8)
(Table 1). In 11 patients (5 with iCD, 4 with ¢cCD, and 2 with
icCD), the disease was active at the time of sampling, with an
average CDAI of 199. Samples of both healthy and inflamed
tissue were collected from eleven patients, and samples from both
ileum and colon were collected from twelve patients. Colon

biopsy samples were also collected from 5 control subjects with
no signs of IBD. In all, 60 biopsy samples were analyzed by 16S
pyrosequencing. Average sequence depth was 3163 seqs/sample;
rarefaction analysis shows most of the samples approach satura-
tion at a depth of 1000 seqs/sample (Supplementary Fig. S2,
Supplemental Digital Content, http:/links.lww.com/IBD/B178).
None of the patients had been exposed to antibiotics for at least
4 weeks before sampling, yet 35% of them did receive nonantibi-
otic medications (detailed in Table 1). However, in our cohort, we
detected no significant effects of S-aminosalicylic acid, thiopurine,
or steroid medication on the microbiota (Supplementary Fig. S3,
Supplemental Digital Content, http:/links.lww.com/IBD/B178).

Microbial Composition of Patients with
Colon-Involving CD Differs from that of
Patients with lleal CD

Principal coordinate analysis using Bray—Curtis index
showed that the microbiota of biopsy samples in this study
(n = 53) cluster according to the CD phenotype: samples from
patients with colon-involving CD (either ¢cCD or icCD) formed
a cluster separate from those of iCD (Fig. 1A, ANOSIM P value:
0.0001, R = 20%). Two patients emerged as “outliers” (marked
by arrows in Fig. 1); notably, both these patients had icCD and
seemed as outliers in every analysis conducted. Similar results
were obtained using weighted (P = 0.0003, R = 15.4%) and
unweighted (P = 0.0001, R = 17.7%) Unifrac distance matrices.
Since in many cases sequence data were obtained from more than
1 sample per patient, data had to be analyzed in a manner that
avoids bias. We thus prepared a smaller data set composed exclu-
sively of healthy colon tissue samples, one sample per patient.
Seventy-five percentages of the patients were represented in this
data set. The separation between iCD and ¢/icCD (colon-involving
CD) remained distinct when using Bray—Curtis (Fig. 1B, P = 0.005,
R = 20%) and weighted Unifrac (P = 0.02, R = 14%), but not with
unweighted Unifrac (P = 0.11, R = 6%). As unweighted Unifrac
relies on presence or absence of taxa only, whereas weighted
Unifrac is also affected by each taxa’s RA, this implies that iCD
and ¢/icCD differ mostly in the RA of certain key taxa.

Both Site and Inflammatory State of Biopsies
Have No Effect on Microbial Composition

We find that biopsy samples taken from the same individual
tend to cluster together regardless of their site of origin (colon or
TI) or inflammatory state (inflamed or normal tissues); the effect
of CD phenotype (iCD or colon-involving) on clustering is far
stronger than any within-patient variation (Fig. 2). This is in
keeping with previous studies showing consistent microbial com-
position from ileum to rectum.'*'? Although most microbiome
studies also report little or no effect of local tissue inflammation
on the microbiota, this aspect remains controversial.”’* Because
this issue is vital for elucidating the role of bacteria in IBD, we
investigated it extensively using several approaches (Supplemen-
tary Figures S4-S6, Supplemental Digital Content, http://links.
Ilww.com/IBD/B178). Principal coordinate analysis and ANOSIM
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FIGURE 1. Principal coordinate analysis of samples from iCD (purple)
versus colon-involving (both ¢CD and icCD, blue) patients. Bray-Curtis
similarities (genus level) were used. A, All samples in the study (n =
53). B, One sample of healthy colon tissue per patient (n = 23). Indi-
vidual patients with outlier microbiotas are marked with their patient
number.

were used to compare the overall similarity between inflamed and
normal tissue samples; LEfSe was used to search for specific taxa,
which may discriminate inflamed tissues from normal ones; and
Wilcoxon matched-pairs test was used to look for differences in
abundance of key specific taxa, previously shown to be
inflammation-associated, between inflamed and normal biopsies
obtained from the same patient (n = 10). To account for possible
confounding effects of location phenotype or disease activity,
whenever possible those tests were performed across the entire
cohort and on subsets stratified by disease location or by activ-
ity. Importantly, none of these approaches detected robust
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FIGURE 2. Clustering of paired samples. Samples from patients with
iCD are in pink; samples from colon-involving (both cCD and icCD)
patients in blue. Numbers on leaves denote specific patients; colon/Tl
refers to the biopsy origin and normal/inflamed refers to the biopsy’s
inflammatory state. Numbers on branches represent % bootstrap
support.

statistical associations between microbiota and local tissue
inflammation.

Since in our data, neither biopsy site nor biopsy inflamma-
tory status had a significant effect on sample distribution, in the
forthcoming analyses 1 sample per patient was arbitrarily chosen.

Specific Taxa Differentiating Between CD
Location Phenotypes

To identify which taxa account for the difference between
iCD and colon-involving (cCD and icCD) CD, we applied
LEfSe,” an algorithm that identifies taxa differentially distributed
between 2 groups. We found that iCD samples were richer in
Escherichia, whereas colon-involving CD had higher levels of
Faecalibacterium and 2 unidentified genera of the Clostridiales
and Ruminococceaea (Supplementary Fig. S7, Supplemental Dig-
ital Content, http://links.lww.com/IBD/B178). As a reduction in
Faecalibacterium is considered a hallmark of all kinds of IBD,
it was of interest to compare its level in both CD groups to that
of control patients with non-IBD. Median abundance of Faeca-
libacterium in the controls was 0.42, significantly higher than
that of both colon-involving CD (0.16, P = 0.02) and iCD
(0.002, P = 0.01), supporting the view that a reduction in Fae-
calibacterium is associated with all types of CD. To investigate
whether Faecalibacterium abundance was related to local
inflammation, we focused on its RA exclusively in biopsies
taken from the colon. Colon biopsies of patients with iCD
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FIGURE 3. RA of Faecalibacterium across the different CD phenotypes.
Each patient is represented by a single colon biopsy. Boxes represent
the second and third quartiles, the inner line being the median, and
whiskers show the 10th and 90th percentiles.

are, by definition, noninflamed; yet, Faecalibacterium was
almost entirely absent in those samples (median = 0.004, Fig.
3). Conversely, 85% of colon biopsies from patients with cCD
were of inflamed tissue, but the RA of Faecalibacterium in
those samples was more than 20-fold higher than in iCD
(median = 0.19). Faecalibacterium abundance in colon biop-
sies from patients with icCD, 14% of which were inflamed was
significantly (P = 0.02) higher than in patients with iCD, yet
still lower than in ¢CD; this difference, however, was not sta-
tistically significant (P = 0.3).

Functional Profiling of Microbiotas
Associated with iCD and Colon-
Involving Disease

The gene content of most human gut microbes is either
known or can be inferred through comparison with closely related
species. Thus, taxonomic composition may also be roughly
translated to functional, mostly metabolic capabilities, using the
PICRUSt** algorithm, which predicts gene abundances that are
associated with each sample. Gene abundance predictions were
collapsed into KEGG modules using the HUMAnNN® package,
and LEfSe was again used to compare the inferred functional pro-
files of samples from patients with iCD to those with colon-
involving CD. Forty-one KEGG metabolic modules were identified
as discriminating by the LEfSe tool (Supplementary Table S8, Sup-
plemental Digital Content, http://links.lww.com/IBD/B178). To

focus on the most meaningful of those, we calculated for each
module the ratio between its average RA in the iCD group and the
average RA in the colon-involving group, thereafter concentrating
on those modules for which the ratio was larger than 2 or lower
than 0.5 (Table 2). Notably, nineteen of the iCD-enriched mod-
ules fell within this range, but none of the features enriched in
colon-involving CD did—the lowest [iCD]/[colon-involving CD]
average RA ratio was 0.69. In keeping with previously published
data,'? iCD microbiotas were primarily characterized by an over-
representation of amino acid transporters, especially of histidine,
lysine, and arginine; by sugar transporters, especially the PTS
system; by fermentation/respiration linked pathways and by mod-
ules which may be directly attributed to the overrepresentation of
the Gram-negative Escherichia in iCD; these include LPS biosyn-
thesis and AI-2 quorum sensing signaling. In keeping with the
large number of functions overrepresented in iCD, we found that
a slightly higher diversity of metabolic capabilities was associ-
ated with the iCD samples than with the colon-involving
ones (Supplementary Fig. S9, Supplemental Digital Content,
http://links.lww.com/IBD/B178). Interestingly, no difference in
alpha-diversity between ileal and colon-involving CD was iden-
tified when analyzing OTU RA tables (which contain taxonomic
rather than functional information), suggesting that the iCD-
associated microbiotas display a particularly wide range of met-
abolic functions.

Although the main aim of this study was to compare CD
phenotypes, it was also of interest to see to what extent the
phenotype-discriminating features are represented in non-IBD
controls. To this end, we calculated also the (iCD)/(healthy) and
(colon-involving CD)/(healthy) average RA ratios for all LEfSe-
identified phenotype-distinguishing features. As might be
expected, all metabolic features distinguishing iCD from colon-
involving CD were also considerably underrepresented in healthy
controls. Of note, many (52%) of these features were also
increased in colon-involving CD relative to controls, but to
a lesser degree (see italic values in Table 2). This is in agreement
with previously published data showing metabolic perturbation,
relative to controls, exists in non-ileal and ileal CD.'?

lleal Disease is Associated with a Higher MDI

The MDI is calculated as the log of (total abundance of
taxa increased in CD/total abundance of taxa decreased in CD)"?
(for a complete list of taxa, see Materials and Methods). Higher
MDI values reflect stronger dysbiosis. When applying MDI cal-
culations to our data, we observed that MDI values of samples
from iCD are significantly higher than those of colon-involving
patients (median iCD = —0.7, n = 15, median c¢/icCD = —1.7,
n = 16, P = 0.003). Within the colon-involving group, patients
with icCD and ¢CD had similar MDI values (median icCD =
—1.6, n = 8; median ¢cCD = —1.7, n = 8; P = 0.8), illustrating
the validity of grouping those two phenotypes together. Notably,
the same two patients with icCD who seemed as outliers in
Bray—Curtis and Unifrac analyzes (Fig. 1) also had extremely
high MDI values.
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TABLE 2. Predicted Functional Features Distinguishing Microbiota of iCD From Colon-Involving CD

P (FDR- Ratio (iCD)/(Colon-  Ratio (iCD)/  Ratio (Colon-Involving
Corrected) Involving CD) (non-IBD) CD)/(Non-IBD)
Biosynthesis
MO00124: pyridoxal biosynthesis, erythrose-4P — pyridoxal-5P 0.0266 3.0067 2.3038 0.7662
MO00019: leucine biosynthesis, pyruvate — 2-oxoisovalerate — 0.0331 2.5076 2.2990 0.9168
leucine
MO00096: CS5 isoprenoid biosynthesis, non-mevalonate pathway 0.0219 2.5190 2.3260 0.9234
Glycolysis/respiration related
MO00008: Entner—Doudoroff pathway, glucose-6P — 0.0323 2.5909 3.5543 1.3718
glyceraldehyde-3P + pyruvate
MO00117: ubiquinone biosynthesis, prokaryotes, chorismate — 0.0266 2.6212 4.9626 1.8933
ubiquinone
MO00150: complex II (succinate dehydrogenase/fumarate 0.0460 2.4231 4.6754 1.9295
reductase), fumarate reductase
Sugar transport systems
MO00287: PTS system, galactosamine-specific II component 0.0331 2.8068 34.9204 12.4415
MO00198: sn-glycerol 3-phosphate transport system 0.1343 2.0138 2.7451 1.3632
Amino acid transport systems
MO00229: arginine transport system 0.0457 2.5853 5.6775 2.1961
MO00225: lysine/arginine/ornithine transport system 0.0266 2.9285 5.4130 1.8484
MO00226: histidine transport system 0.0323 2.9480 5.6475 1.9157
MO00336: twin-arginine translocation system 0.0323 3.1834 4.9988 1.5703
Other transport systems
MO00317: manganese/iron transport system 0.0339 4.7065 5.7057 1.2123
MO00349: microcin C transport system 0.0460 2.6746 5.6492 2.1121
MO00324: dipeptide transport system 0.0323 2.6882 5.9554 2.2154
MO00300: putrescine transport system 0.0914 2.3426 6.0022 2.5622
Gram-negative associated modules
M00060: lipopolysaccharide biosynthesis, KDO2-lipid A 0.1074 2.0076 1.8625 0.9277
MO00219: AI-2 transport system 0.1000 2.0046 8.4703 4.2254
Other
MO00335: Sec (secretion) system 0.0295 2.8030 3.3427 1.1925
MO00260: DNA polymerase III complex, bacteria 0.0295 2.9335 3.5402 1.2068

Ratios obtained by comparing the average relative abundances of each feature in each group.

Italics denote a greater than 2-fold difference in relative abundance between colon-involving CD and non-IBD.

FDR, false discovery rate.

Association of Disease Activity
and Microbiota

To investigate correlations between disease activity and
microbiota composition, we used the CDAI, a numerical index
summarizing the severity of symptoms presented by the patient.
One patient with iCD, for whom the CDAI on the day of sampling
was absent, was excluded from this analysis. The MDI values of
either the entire patient cohort (n = 30) or the colon-involving
patients alone (n = 16) showed no association with CDAI (Spear-
man’s r = —0.01, P = 0.9; r = —0.03, P = 0.88, respectively).
Conversely, MDIs of patients with iCD alone (n = 14) showed
a strong positive correlation with CDAI (Spearman’s r = 0.43,
Fig. 4). This correlation however did not reach statistical

298 | wwwi.ibdjournal.org

significance (P = 0.12). Notably, a single patient in the iCD
cohort, marked by an arrow in Figure 4, seemed as an extremely
strong outlier. This patient was found to have consumed large
quantities (1 cup per day) of nonpasteurized camel’s milk, which
is known for its high content of secretary antibodies and unique
oligosaccharide composition, for several months before sam-
pling. No other subject in this cohort reported a similar dietary
habit. If this patient is excluded from analysis, the correlation
becomes significant (P = 0.02, r = 0.6).

Because microbiota composition seemed to be correlated
with disease activity in iCD, but not in colon-involving CD, it was
of interest to see if any specific bacterial taxa correlate with CDAI
in those 2 groups. Using a nonbiased approach, we examined
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FIGURE 4. Correlation between MDI and CDAI, among patients with
iCD only. A single outlier patient who was found to have a unique
dietary habit is marked with red arrow.

correlations of CDAI to all genera present in the data set,
excluding rare taxa that were filtered as described in Methods.
P values were corrected by the Benjamini and Hochberg false
discovery rate method*® to account for multiple hypothesis test-
ing. In the patient with iCD group, we found a strong and signif-
icant positive correlation between Fusobacterium and CDAI
(false discovery rate—corrected P = 0.038, R = 0.59). Conversely,
in the colon-involving CD data set, no taxa were significantly
correlated with CDAL

MDI Analysis in the Recently Published RISK
and PRISM Cohorts

We next wished to investigate whether the trends we have
observed were also evident in other previously studied cohorts.
Direct comparisons between different sequencing projects are
problematic because study-specific biases are almost inevitably
introduced during the processing of samples, amplification, and
sequencing. However, as the MDI comprised a ratio between the
RAs of different taxa, we reasoned it may be used to compare
different studies, even if conducted using different sequencing
methods and primer sets. Two large sequencing projects analyz-
ing samples of patients with IBD have been published in the last
few years. The most recent of these, Gevers et al, 2014, had
analyzed a new-onset pediatric cohort (RISK), whereas the
PRISM cohort, analyzed by Morgan et al, 2012, comprised adult
patients, mainly with established disease, resembling our own
cohort. To avoid confounding effects, we used only the data
derived from biopsy samples taken from patients who had not
been exposed to antibiotics, similar to our own (MEIR) cohort.
The MDI’s of patients with iCD and of non-IBD controls were

RISK cohort MEIR cohort PRISM cohort
(Gevers et al. 2014) (Morgan et al. 2012)
..
L]
2 . o
° °
oe®
= e °
g oo .
>
3
c
; Ld ogq0 L]
2 .
2
a
]
2
e
=2
=
L .
0e® .. c... ] .
-2
L]
o
oo
L]
° °

Q Q Q Q A A A A O\ > &> >
L O O Q' Q Q Q Q
€ X § \Q’o K 9 & K2

FIGURE 5. MDI values of iCD are significantly higher than of colon-
involving CD in both MEIR and PRISM adult cohorts, but not in the
new-onset pediatric RISK cohort. Boxes represent the second and third
quartiles, the inner line being the median, and Whiskers show the 10th
and 90th percentiles. For MDI, see also Materials and Methods.

remarkably constant across the three studies (median MDI values
in RISK, PRISM, and MEIR cohorts were —0.723, —0.691,
—0.692, respectively, for iCD; and —1.25, —1.27, —1.34, for
non-IBD). The MDIs of icCD, and especially of cCD, in the
PRISM cohort were far lower than in iCD and were in fact indis-
tinguishable from that of the control group (Fig. 5). This trend
mirrors the one we had observed in our own cohort; however,
owing to high interindividual variability observed in the PRISM
cohort, it did not reach statistical significance in that data set.
Additionally, iCD in the PRISM cohort displayed decreased Fae-
calibacterium and increased Enterobacteriaceae, relative to cCD,
as expected by our results and others (Supplementary Fig. S10,
Supplemental Digital Content, http:/links.lww.com/IBD/B178).
Conversely, the MDIs of icCD and ¢CD in the RISK new-onset
pediatric cohort showed an opposite trend and were similar to, or
higher than, those of iCD. Remarkably, even the most well-
established characteristics of dysbiosis in iCD, such as increased
Enterobacteriaceae and decreased Faecalibacterium, which had
been shown in multiple studies,'®**** were not observed in the
RISK cohort (Supplementary Fig. S11, Supplemental Digital
Content, http:/links.lww.com/IBD/B178). Thus, phenotype-
related microbial patterns may be characteristic of adult-onset
disease or may develop during years of illness and treatments,
or both.

We then went on to assess the association of MDI and
disease activity in the PRISM cohort. Similar to the trends we had
observed in the MEIR cohort, we found no overall difference in
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FIGURE 6. A slight increase in MDI is associated with active disease in
iCD, but not in colon-involving CD (either cCD or icCD). Indexes shown
are the combined values for both MEIR and PRISM cohorts. Boxes
represent the second and third quartiles, the inner line being the
median, and Whiskers show the 10th and 90th percentiles.

the MDIs of samples from active and inactive patients across the
entire cohort, but did observe a small increase in MDI of samples
from active patients compared with inactive ones, within the iCD
group alone. However, splitting the PRISM iCD group (n = 13)
by activity resulted in subsets too small to analyze with statistical
probability tests. We thus combined the MDIs of samples from
the PRISM and MEIR cohorts (Fig. 6). In this combined data set,
samples from patients with active iCD had higher MDI values
than from patients with inactive iCD (P = 0.058), whereas the
MDI of samples from patients with active cCD or icCD was equal
to, or lower than, that of samples from inactive patients.

DISCUSSION

With the progression of deep sequencing techniques, our
ability to detect and characterize microbial communities has
greatly improved. Yet, our understanding of the causes and effects
of microbial dysbiosis in IBD remains incomplete. The simplest
perception of dysbiosis in IBD suggests that it reflects nothing
more than colonization of an inflammatory niche by bacteria best
suited for it. This viewpoint is challenged by data showing
dysbiosis also exists in remission-phase patients and in non-
inflamed tissues.''**! Furthermore, we find that colon biopsies
taken from patients with iCD carry the microbial signature typical
to iCD, although the colon of patients with iCD is entirely free of
inflammation. Likewise, biopsies taken from the TI of patients
with ¢cCD show dysbiosis characteristic to colon-involving CD,
although the TI of those patients is not involved in inflammation.
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This point is further illustrated by the abundance pattern of the
putatively protective genus Faecalibacterium. Although Faecali-
bacterium was reduced in all patients with CD relative to non-IBD
controls, its abundance in colon biopsies of patients with cCD,
most of which were inflamed, was over 20-fold higher than in
colon biopsies of iCD, none of which were inflamed. It thus seems
that microbial dysbiosis is inherent to the disease itself and re-
flects underlying mechanistic events. As iCD and c¢CD are asso-
ciated with different forms of dysbiosis, this suggests different
mechanisms underlie each of these 2 CD phenotypes.

Our comparative analyses of our data with 2 additional
cohorts provided additional insights. In the PRISM cohort, as in
ours, extreme dysbiosis was evident in iCD, whereas the micro-
biota of ¢cCD was fairly close to normal, non-IBD, controls.
Conversely, in the RISK new-onset pediatric cohort, all three CD
phenotypes displayed similar extreme dysbiosis. Future studies are
needed to reveal whether this phenomenon is due to mechanistic
differences between pediatric and adult CD, or whether all CD
cases start out with extreme dysbiosis, but the dysbiosis of cCD
gradually declines over time. Elucidating this point may greatly
further our understanding of CD development. Of note, evidence
that microbial changes in IBD are independent of local mucosal
inflammation has also been recently put forward in another study of
new-onset pediatric IBD, performed on the RISK cohort, which had
identified CD-unique gene expression and microbial patterns in
tissues taken from noninflamed ileal mucosa.*

Although iCD and cCD form well-defined, discrete pheno-
types, the classification of icCD is more challenging. Genetic
studies of CD susceptibility markers indicate that for some
markers, icCD performs as iCD, whereas for others, it appears
as ¢cCD.'"!7 The strength of genetic associations with icCD is
often weaker than with the other CD phenotypes.'® In our study,
icCD strongly clustered with ¢cCD and both phenotypes shared
similar MDI values. Yet the 2 phenotypes were not identical,
patients with icCD seemed more variable than colon-restricted
ones, and Faecalibacterium abundance in patients with icCD
was 2.7-fold lower than in colon-restricted ones (this difference
however did not reach statistical significance). Thus in many
regards, the icCD phenotype seems intermediate between iCD
and c¢CD. Importantly, the prevalence and characteristics of icCD
seem to vary between different nationalities and living styles. The
“accepted” ratios for the three main CD location phenotypes are
50% ileocolic, 20% iCD, and 30% cCD. Conversely, CD epidemi-
ology studies conducted in Israel throughout the past 20 years
repeatedly report high (50%) prevalence of iCD, whereas ileocolic
CD only accounts for approximately 25% of the cases.**** Whereas
iCD and c¢CD exhibited remarkably consistent microbial patterns in
both the USA-based PRISM cohort and our Isracli one, ileocolic
CD in the PRISM cohort displayed stronger dysbiosis than in our
cohort; this was evident as a particularly low Faecalibacterium RA
and as MDI values that were intermediate between the low MDI
values of ¢cCD and the high MDI values of iCD.

A crucial point to our understanding of the bacterial role in
IBD is what, if any, changes occur in the microbiota during shifts
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from remission to active disease. A number of studies have
pointed to increased instability and variability of the microbiota
during disease exacerbation.*> However, owing to large heteroge-
neity between subjects and between studies, few uniform, repro-
ducible associations between microbiota and disease activity have
been described. In this study, we find that an association between
the MDI and disease activity exists among patients with iCD with
established disease. Importantly, this signal disappears if patients
with iCD are analyzed together with colon-involving (cCD/icCD)
ones. Furthermore, Fusobacterium in our data was strongly asso-
ciated with disease activity in patients with iCD, but showed no
correlation to disease activity in colon-involving patients. Future
analyses of larger cohorts may uncover novel associations of
microbiota and disease activity in ¢cCD/icCD as well. However,
we suggest that iCD and colon-involving CD may display differ-
ent patterns of microbial association with disease activity and
should thus preferentially be analyzed as separate groups. Mixing
those 2 groups during analysis has an effect of “diluting” the
signal, rendering identification of significant trends more difficult.
This setback would be most influential in small-to-medium patient
cohorts. In this regard, it is not surprising that the study which had
most convincingly pointed to associations between microbial
composition and disease activity'® had been conducted on an
especially large cohort (447 subjects).

The benefits of structuring cohorts according to CD
phenotype are not necessarily restricted to microbial studies. It
has long been known that the NOD2 mutation, the strongest
genetic marker linked to CD, has no association with cCD'S;
conversely, HLA-DRB*0103 is strongly associated with colon-
restricted disease,'”'® but not with iCD. In a recently published
study, JAK2 has been shown to be associated with ileum involv-
ing disease only.*® Yet, most recent large-scale GWAS, gene
expression, and proteomic studies do not stratify cohorts accord-
ing to disease locations.*” !

One of the challenges in IBD microbial research lies in
successful integration of highly variable data presented across
many articles. Data variability stems not only from the high
heterogeneity inherent to IBD cohorts but also from the use of
varied processing, sequencing, and bioinformatic research
techniques. The recently proposed MDI index'? has the potential
to serve as a standard, facilitating comparisons between different
studies. Constructed on the order and family levels, it will not
provide high sensitivity; but it should be fairly robust, allowing
the identification of large-scale, overarching trends. In this
study, we provide a first example (insofar as we know) of
MDI usage. Our analysis of MDI values closely followed the
trends shown by more traditional analysis methods, and, for the
most part, we found remarkably similar MDI values across dif-
ferent cohorts, supporting the inclusion of this index in future
microbiota articles.

We had demonstrated a strong association between Fuso-
bacterium and disease activity in iCD. A number of recent studies
have shown association of these taxa with various pathological
conditions. These include not only CD," particularly iCD,"" but

also ulcerative colitis,** pouchitis,*>** and colorectal cancer.* A

culture-based study found bacteria belonging to the genus Fuso-
bacterium to be more abundant in patients with active IBD com-
pared with healthy non-IBD controls, and the strains isolated from
patients with IBD showed higher cell-invasion capabilities than
those isolated from the controls.*® Thus, these bacteria have the
potential to contribute to inflammation in patients with iCD.

Two treatment strategies are currently used in IBD
treatment. The conventional approach targets the immune system,
either by use of immunomodulatory drugs or by blocking
proinflammatory signals such as TNF-alpha. An alternative
approach attempts to manipulate the microbiota, whether by
antibiotics, probiotics, or fecal matter transfer. The outcome of
such microbiota-based manipulations probably depends on the
initial microbial composition. Given that we and others have
shown striking differences in composition between different IBD
phenotypes, we propose that different treatment protocols should
be considered for microbial manipulations of ileal and of colon-
involving CD.
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