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Background: Inflammatory bowel diseases (IBDs) involve an aberrant host response to intestinal microbiota causing mucosal inflammation and
gastrointestinal symptoms. Patient-reported outcomes (PROs) are increasingly important in clinical care and research. Our aim was to examine
associations between PROs and fecal microbiota in patients 0 to 22 years of age with IBD.

Methods: A longitudinal, prospective, single-center study tested for associations between microbial community composition via shotgun
metagenomics and PROs including stool frequency and rectal bleeding in ulcerative colitis (UC) and abdominal pain and stool frequency in
Crohn’s disease (CD). Mucosal inflammation was assessed with fecal calprotectin. A negative binomial mixed-effects model including clinical
characteristics and fecal calprotectin tested for differentially abundant species and metabolic pathways by PROs.

Results: In 70 CD patients with 244 stool samples, abdominal pain correlated with increased relative abundance of Haemophilus and reduced
Clostridium spp. There were no differences relative to calprotectin level. In 23 UC patients with 76 samples, both rectal bleeding and increased
stool frequency correlated with increased Klebsiella and reduced Bacteroides spp. Conversely, UC patients with lower calprotectin had reduced
Klebsiella. Both UC and CD patients with active symptoms exhibited less longitudinal microbial community stability. No differences in metabolic
pathways were observed in CD. Increased sulfoglycolysis and ornithine biosynthesis correlated with symptomatic UC.

Conclusions: Microbial community composition correlated with PROs in both CD and UC. Metabolic pathways differed relative to PROs in UC,
but not CD. Data suggest that microbiota may contribute to patient symptoms in IBD, in addition to effects of mucosal inflammation.
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Introduction Optimal medical therapy for IBD targets gastrointes-
tinal inflammation to alleviate symptoms and reduce the
risk of complications such as fistulae, stricturing, and intra-
abdominal abscesses. Despite evidence of mucosal healing by
laboratory and fecal testing, some patients continue to expe-
rience debilitating gastrointestinal symptoms. Food and Drug
Administration guidelines recommend combined biomarker
and endoscopic endpoints in therapeutic clinical trials for
IBD as well as patient-reported outcome (PROs).”® PROs,
typically obtained via standardized, validated, PRO meas-
ures, are exclusively PR factors and do not include physi-
cian interpretation of patient status. In UC, a concise 2-item
PRO score (UC PRO2) incorporating patient report of rectal
bleeding and stool frequency has been validated against the
Ulcerative Colitis Clinical Disease Activity Index and Mayo
Clinic Score as well as combined with endoscopic endpoints
to assess clinical disease activity with excellent performance.’
The UC PRO2 metric is already in use in clinical trials.!!
Similarly, in CD, the use of PR stool frequency or liquid stool
and abdominal pain (CD PRO2), measures derived from the

Inflammatory bowel diseases (IBDs) including Crohn’s dis-
ease (CD) and ulcerative colitis (UC), are relapsing, remitting,
and often progressive inflammatory diseases affecting the
gastrointestinal tract with increasing incidence in pediatric
patients over the past decades.! Symptoms are heterogeneous
and commonly include diarrhea, rectal bleeding, abdominal
pain, and poor growth. Studies of gut microbiome composi-
tion in IBD have revealed intestinal and fecal microbial shifts
associated with both CD and UC including reduced overall
microbial community diversity, depletion of taxa including
Bacteroides and Ruminococcus, and strain-level depletion
in butyrate-producing organisms such as Faecalbacterium
prausnitzii and Roseburia hominis.>* Increased relative abun-
dance of Escherichia and Klebsiella have been associated
with active IBD, and Collinsella and Veillonella have been
specifically associated with increased risk of surgery in CD in
children.*¢ Despite these findings, the exact role of microbial
community composition on IBD pathogenesis and symptom-
atology remains unclear.
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What is already known?

e Enteric microbiota shifts have previously been identified
in patients with inflammatory bowel disease (IBD) rela-
tive to healthy control subjects, but the influence of these
shifts on disease activity and IBD symptomatology is not
well understood.

What is new here?

e Microbial shifts correlated with patient-reported outcomes
while controlling for fecal calprotectin as a surrogate
marker of mucosal inflammation in both ulcerative colitis
and Crohn’s disease, suggesting that microbial commun-
ity composition may influence patient symptoms.

How can this study help patient care?

e Microbial shifts, regardless of inflammatory status, may
directly contribute to the patient experience of IBD and
may be a future diagnostic and therapeutic target.

Crohn’s Disease Activity Index, have been measured against
the Simple Endoscopic Score with good performance and are
also in use in clinical trials.!*1*

Microbial therapies such as fecal microbial transplanta-
tion and antibiotic therapy have been used to date with some
success in treating IBD.!'” Targeted, personalized microbial
therapies are not yet available. Novel treatment modalities
to target microbial shifts may both improve disease re-
mission as well as improve symptomatology and patient
quality of life. This study aimed to evaluate the relation-
ship between PROs, mucosal inflammation as measured by
fecal calprotectin, and microbial and metabolic shifts in the
fecal microbiome of pediatric IBD patients using shotgun
metagenomic testing.

Methods

Study Population and Design

We conducted a single site prospective study at a tertiary
care center. Patients with a diagnosis of IBD were enrolled
from September 2016 to March 2018. Inclusion criteria in-
cluded a diagnosis of CD or UC. Patients were enrolled re-
gardless of time since diagnosis. UC patients with a history
of colectomy were excluded. Crohn’s patients with a history
of surgery were not excluded. No other exclusion criteria
were implemented. Patients were asked to submit a total
of 6 stool samples at minimum 4 weeks apart and return
questionnaires about symptoms with each sample returned.
Previous analyses of this cohort were undertaken regarding
C. difficile history and progression to surgery and reported
in 2020."

Patients were instructed to return each fecal sample di-
vided between 2 containers: one containing a proprietary
preservative by OMNIgene (DNA Genotek, Ottawa, ON,
Canada), which was used for metagenomic sequencing,
and one sterile tube, which was used for fecal calprotectin
measurement. Samples were stored at -80°C upon receipt
and thawed at the time of processing. Stool samples were
returned in person or via express mail depending on the
family’s preference and remained at room temperature
until delivery as per OMNIgene GUT instructions. If a mail
service was used, stools were shipped same day or next day
if collected Monday through Thursday morning and shipped
on Monday if collected Thursday afternoon through Sunday.
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Fecal calprotectin was performed via enzyme-linked immu-
nosorbent assay (Bithlmann Laboratories AG, Schénenbuch,
Switzerland). A value of <100 pg/g for fecal calprotectin was
considered a marker of mucosal healing in UC, and a level
of <250 pg/g was considered a marker of mucosal healing
for CD." Endoscopic assessment of mucosal healing was not
performed to validate fecal calprotectin levels as part of this
study. Data were analyzed with regard to mucosal healing as
a binary measure as well as with regard to fecal calprotectin
as a continuous value. Demographic data including patient
sex, age, race, ethnicity, IBD diagnosis and phenotype, du-
ration of IBD, surgical history, and medication history were
collected via the electronic medical record (Epic Systems,
Verona, WI, USA).

Patient-Reported Outcomes

With each stool sample, patients, regardless of diagnosis,
were provided with both a Pediatric Ulcerative Colitis
Activity Index (PUCAI) assessing symptoms over the past
48 hours and the Short Pediatric Clinical Disease Activity
Index questionnaire assessing symptoms over the past 7
days.?® For patients with UC, in alignment with UC PRO2,
stool frequency and rectal bleeding were assessed via the
PUCAI questionnaire to determine clinical disease ac-
tivity.!'' A score of 0, 1, 2, or 3 was assigned depending
on degree of rectal bleeding (Supplemental Figure 1). Any
patient with a score >1 (any report of rectal bleeding) was
deemed to have clinically active disease. For stool fre-
quency, a score of 0, 1, 2, or 3 was assigned dependent on
the reported stool frequency. Any patient with a score >1
(3-5 stools) was deemed to have clinically active disease.
Patients with either or both rectal bleeding and increased
stool frequency were determined to have overall PR active
disease.

For those with CD, in alignment with CD PRO2, a sim-
ilar process was used. A score of 0, 1, or 2 was assigned
based on abdominal pain severity (Supplemental Figure
1). Those with a score of 2 (abdominal pain that was
“moderate/severe: daily, affects activity, nocturnal”) were
deemed to have clinically active disease. For stool fre-
quency, a score of 0, 1, or 2 was assigned dependent on
reported stool frequency. Any patient with a score >1 (up
to 2 semiformed with small blood, or 2-5 liquid) was deter-
mined to have clinically active disease. Patient with either
or both moderate to severe abdominal pain and increased
stool frequency were determined to have overall PR active
disease. CD patients with isolated abdominal pain marked
as “mild, brief, not interfering with activities” (score = 1)
were not considered to have clinically active disease or
overall PR active symptoms.

Shotgun Metagenome Sequencing

DNA was extracted from approximately 0.1 g of stool ali-
quot using the PowerFecal DNA isolation kit by MO BIO
(MO BIO Laboratories, Carlsbad, CA, USA) per manufacturer
recommendations. After DNA samples were diluted to approx-
imately 200 ng/mL, sequencing libraries were created using the
Nextera XT protocol (Illumina, San Diego, CA,USA). Sequencing
was performed on an Illumina NextSeq500 machine using 150-
bp DNA paired end reads to a depth of approximately 4 G base
pairs per sample. Raw sequence data were de-multiplexed and
converted to fastq format for downstream processing.
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Taxonomic and Functional Profiling

Raw sequence reads were extracted and de-multiplexed using
the Illumina program bcl2fastq. Raw reads were then filtered
and trimmed for quality control using the program Sickle.?!
Paired-end sequencing reads from each sample were assigned
to the lowest common ancestor using Kraken2.?? Sequence
alignment with Kraken2 was performed against a custom
genome database consisting of the human genome and ap-
proximately 40 054 bacterial, fungal, viral, and parasitic
genomes as described in detail previously.!® In brief, the data-
base was derived initially from all bacteria, fungi, and viruses
in the RefSeq genome database (accessed November 27,
2017) as well as in the human genome database (GR38Ch).
Manual curation was used to add additional Bacteroides,
Parabacteroides, and Clostridia genomes including draft
genomes from the National Center for Biotechnology
Information Assemblies and PATRIC, and additional fungal
and viral genome sequences were recovered from the pre-
vious 2 resources, as well as from dedicated viral and fungal
databases. Species or genera that contributed <0.01% of
overall mapped reads or were present in <10% of the samples
were removed.

Functional profiling was performed by first removing
human reads by aligning against the human reference ge-
nome. Filtered reads were then aligned sequentially to
annotated nucleotide and peptide databases within the
HUMAnRN?2 pipeline and aggregated to MetaCyc pathways.?
The number of reads aligning to gene families and metabolic
pathways were normalized to counts per million reads for
analysis.

Statistical Analysis

Patient demographic and clinical characteristics were
described using median (interquartile range [IQR]) for con-
tinuous variables and frequency and percentage for cate-
gorical variables according to PROs. Odds ratios (ORs)
and 95% confidence intervals for PROs according to fecal
calprotectin levels were obtained using generalized linear
mixed-effects models with a logit link function to model
the binary response. A random subject-specific intercept
was used to account for the repeated measures within
patients. Models were fit using the glmmTMB package (ver-
sion 1.0.2)** in R version 4.0.2 (R Foundation for Statistical
Computing, Vienna, Austria) and included disease duration
in years, disease location (colonic only, ileal or ileocolonic
for CD, rectal only, left-sided disease or pancolitis for
UC), IBD medications (no biologic vs. biologic therapy),
antibiotics taken within 60 days of sample collection (yes/
no), fecal calprotectin, and history of surgery (yes/no) in
CD patients as model covariates. ORs were reported for
a 1-SD increase in fecal calprotectin levels to facilitate
interpretation.

Shannon diversity was calculated for each sample using
phyloseq (version 1.32.0)%° after subsampling to the
lowest observed read depth (1 316 647 reads UC; 201 626
reads CD). Differences in Shannon diversity according to
PROs were estimated using linear mixed-effects regres-
sion incorporating a random subject-specific intercept via
the Ime4 package (version 1.1.23)*¢ with formal testing
performed via the Satterthwaite approximation to the
model degrees of freedom as implemented in the ImerTest
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package (version 3.1.2).2” A random subject-specific inter-
cept was used to account for the repeated measures within
patients. Model covariates included disease duration, dis-
ease location, IBD medications, antibiotics taken within 60
days, fecal calprotectin, and history of surgery (CD only).
Principal component analysis (PCA) was conducted on the
species count matrix after variance stabilizing transfor-
mation as implemented in the DESeq2 package (version
1.24.0)*® and visualized using the plot ordination function
in phyloseq to assess the unsupervised clustering of samples
based on species community composition.

Within-subject Bray-Curtis dissimilarly from the time
of first sample collection was calculated using the first
distances function in QIIME2 (version 2020.8.0) to ex-
amine the stability of the community composition over
time. Differences in within-subject Bray-Curtis dissimilarly
between those ever vs never experiencing a PR outcome
meeting the criteria for clinically active disease were tested
using linear mixed-effects regression as described previ-
ously for Shannon diversity.

Negative binomial mixed models incorporating random
subject-specific intercepts were fit using the glmmTMB
package to identify differentially abundant species ac-
cording to PROs. A random subject-specific intercept was
used to account for the repeated measures within patients.
Models included, sex, disease duration, disease location, bi-
ologic therapy, antibiotics taken within 60 days, and his-
tory of surgery as model covariates. Fecal calprotectin as
a continuous covariate was included if it was not the var-
iable of interest. A scaling factor as estimated by the ge-
ometric mean of pairwise ratios methods as implemented
in the GMPR package (version 0.1.3) was included as a
model offset to account for differences in sequencing
depth.?” Winsorization of outlying counts was performed
by truncating values at the 97% percentile, as it has been
shown to improve the performance of count-based models
for microbiome data.’® Species seen in fewer than 20% of
samples were filtered prior to testing, and the Benjamini-
Hochberg false discovery rate (FDR) correction applied
to control the proportion of false positive results. Log2
fold changes were estimated from the model predicted
values. The negative binomial mixed models framework
was also used to identify differentially abundant MetaCyc
pathways’! according to PR symptoms, with total counts
per million used as the model offset to directly model the
relative abundance given the normalized counts.

Ethical Considerations

This study was approved by the Cincinnati Children’s Hospital
Medical Center Institutional Review Board. Informed consent
was obtained by the patient (18 years of age and above) or
by the legal guardian. Patients 11 to 17 years of age provided
assent.

Results

Longitudinal PROs in UC

There were 23 UC patients who submitted 76 total stool samples
(Supplemental Figure 2). At first sample collection, 9 (39%)
patients reported active disease and 14 (61%) did not (Table 1).
Analyses of the PROs at first sample collection showed 6 (67%)
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Table 1. Clinical and Demographic Characteristics of Ulcerative Colitis and Crohn’s Disease Patients Grouped by Patient-Reported Disease Activity at

Study Enrollment

Ulcerative Colitis (n =23) P Crohn’s Disease (n = 70) P
: , Value : : Value

Patient-Reported Patient-Reported Patient-Reported Patient-Reported

Active (n =9 [39%]) Nonactive (n =14 [61%]) Active (n =21 [30%]) Nonactive (n =49 [70%])
Increased stool fre- 6 (67) 0 (0%) 18 (86) 0(0)
quency
Abdominal pain 1(11) 0 (0) 8 (38) 0(0)
Rectal bleeding 7(78) 0 (0) 11 (52) 3 (6)
Mucosal healing (fecal 1(11) 5(36) .34
calprotectin <100 pg/g)
Mucosal healing (fecal 12 (57) 29 (59) 1.0
calprotectin <250 pg/g
Fecal calprotectin, pg/g 364 (104-825) 141 (92-629) 4 204 (90-484) 128 (83-393) .62
Disease location
Left side 2 (22) 3(21) 1.0
Pancolitis 7 (78) 11 (79)
Ileal 0 (0) 8 (16) .38
Ileocolonic 20 (95) 34 (69)
Colon only 1(5) 7 (14)
Age at sample collec-  16.05 (15.24-16.56)  15.05 (12.84-17.14) 82 15.7(13.2-17.3) 13.9 (12.4-15.8) 10
tion, y
Male 5(56) 10 (71) 66 10 (48) 32 (65) 19
Caucasian 8 (89) 14 (100) 39 19 (90) 44 (90) 1.0
Disease duration, y 2.5 (0.5-3.7) 1.8 (0.8-4.2) 73 2.1(0.5-4.7) 3.1 (1.4-6.3) .08
IBD medication
On biologic 3(33) 7 (50) 67 13 (62) 35 (71) 58
Antibiotic within 60 d 2(22) 2 (14) 1.0 3 (14) 5 (10) .69
History of surgery 2 (10) 11 (22) .32

Values are n (%) or median (interquartile range).
Abbreviation: IBD, inflammatory bowel disease.

had increased stool frequency, 7 (78 %) had rectal bleeding, and
4 (44%) had both. Although abdominal pain was not used as a
PRO in those with UC, these data were collected. Only 1 patient
with UC had moderate-to-severe pain at first sample collection
and ever, and this patient also had increased stool frequency and
rectal bleeding. There were no material differences in demo-
graphics, disease location, or medication use between those with
or without active symptoms. Patients were subsequently classi-
fied as ever active if at any sample collection they reported active
symptoms or never active if they never reported active symptoms
throughout the study. A total of 12 (52%) UC patients reported
symptoms at any time. With the first reported active sample,
9 (75%) had increased stool frequency, 10 (83%) had rectal
bleeding, and 7 (58 %) had both (Supplemental Table 1).

Longitudinal PROs in CD

A total of 70 CD patients provided 244 stool samples within
the study period (Supplemental Figure 2). Of the 70 patients,
there were 21 (30%) with active symptoms at first sample
collection, which included 8 (38%) with moderate-to-severe
abdominal pain, 18 (86%) with increased stool frequency,
and 12 (57%) with both (Table 1). No material difference
in demographics, time since IBD diagnosis, or clinical char-
acteristics including use of a biologic medication were found
between patients with and without active symptoms at first
sample collection. When CD patients were classified as ever
vs never having active symptom throughout the study, there

were 31 (44%) patients who ever reported active symptoms.
Of those, 26 (84%) had increased stool frequency, 10 (32%)
had moderate-to-severe abdominal pain, and 17 (55%) had
both (Supplemental Table 1). Thirteen (19%) CD patients re-
ported rectal bleeding with the first stool sample collection,
though this was not used as a PRO for CD patients. Of those,
11 (85%) of 13 patients had either increased stools or ab-
dominal pain indicating overall PR active symptoms while 2
(15%) of 13 did not.

PROs and Fecal Calprotectin

The median fecal calprotectin at first sample collection was
equal to 204 (IQR, 90-484) pg/g in CD patients with ac-
tive symptoms, compared with 128 (IQR, 83-393) pg/g in
those without active symptoms (P = .62). There was no
association between fecal calprotectin and overall PR dis-
ease activity or individual symptoms of frequent stools
and abdominal pain in those with CD. The median fecal
calprotectin at first sample collection was equal to 364
(IQR, 104-825) pg/g in UC patients with active symptoms,
compared with 141 (IQR, 92-629) pg/g in those without
active symptoms (P = .4). In UC, higher fecal calprotectin
was associated with rectal bleeding (OR, 4.93; 95% con-
fidence interval, 1.18-20.64; P = .03), but no association
was seen with increased stool frequency or overall PR ac-
tive symptoms (Table 2).


http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izac175#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izac175#supplementary-data
http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izac175#supplementary-data

290

Microbial Community Composition in UC

Analysis of the microbiome in those with UC showed
no material differences in overall Shannon diversity
(Supplemental Figure 3) or beta diversity as assessed by
ordinations of the first 2 PCA axes (Supplemental Figure
4) when examining PROs, mucosal healing, or fecal
calprotectin level as a continuous variable. Examination for
differentially abundant species in UC with an FDR P value
of .05 found that those with overall PR active symptoms had
increases in multiple Klebsiella species and Cutibacterium
acnes and reduction in Bacteroides species (Figure 1).
When analyzed by specific PROs, those with UC and rectal
bleeding had increased Klebsiella and Enterobacter species
and reduced Bacteroides and Clostridiales species. Those
with UC and increased stool frequency had increased
Klebsiella, Lachnoclostridium, Clostridiales, Blautia, and
Enterobacter and reduced Ruminococcus, Faecalbacterium,
and Bacteroides. Conversely, UC patients with mu-
cosal healing (fecal calprotectin <100 pg/g) had reduced

Hellmann et al

Klebsiella and increased Bifidobacteria and Bacteroides.
When fecal microbial shifts were examined relative to
fecal calprotectin as a continuous variable, reduction in
Staphylococcus aureus, Streptococcus lutetiensis, and
Turicibater were observed (Supplemental Figure 5).

Examination of the microbial community stability over
time relative to the index (first) sample collection revealed
that within 53 paired dissimilarities in 19 UC patients, those
who were ever active had increased dissimilarity (ie, less
stable) in the microbial community composition over time
(within-subject Bray-Curtis dissimilarity = 0.16 = 0.06; P =
.03). A patient had to submit at least 2 samples in the study to
be included in this analysis (Figure 2).

Microbial Community Composition in CD

Similarly, analysis of the microbiome composition in
patients with CD showed no differences in Shannon diver-
sity (Supplemental Figure 6) or beta diversity as measured

Table 2. Odds Ratio and 95% Confidence Intervals for Patient-Reported Outcomes According to Fecal Calprotectin Level in Crohn’s Disease and

Ulcerative Colitis

1 0,
Odds Ratio 95% Confidence Interval P Value
y g
Crohn’s disease
Overall patient-reported active disease 1.20 0.77-1.87 416
Abdominal pain 1.09 0.21-5.76 918
Increased stool frequency 1.30 0.83-2.03 256
Ulcerative colitis
Overall patient-reported active disease 2.85 0.87-9.35 .085
Rectal bleeding 4.93 1.18-20.64 .029
Increased stool frequency 1.88 0.62-5.64 263
A B
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Figure 1. Microbial shifts in ulcerative colitis (UC) patients. A, Log2 fold changes (FCs) for shifts in relative abundance of microbiota in UC patients based
on overall patient-reported active symptoms, individual patient-reported outcomes of diarrhea and rectal bleeding, and fecal calprotectin <100 pg/g, as a
surrogate marker of mucosal healing. B, The Log2 FCs and P values obtained from negative binomial mixed-effects regression fit to 76 samples from 23
patients for active symptoms. FDR, false discovery rate; NS, not significant.
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Figure 2. Microbial temporal variation in ulcerative colitis patients. Within-subject Bray-Curtis dissimilarity was calculated from the time of first sample
collection in ulcerative colitis patients. A total of 53 paired dissimilarities were calculated on 19 patients. The Bray-Curtis dissimilarity was increased in
samples from patients ever reporting a patient-reported outcome (PRO) (0.16 + 0.06; P = .03).

by PCA (Supplemental Figure 7). Examination of differ-
entially abundant species in those with CD showed no
microbial shifts associated with overall PR disease ac-
tivity, increased stool frequency, or mucosal healing
(fecal calprotectin <250 pg/g). In those with CD and ab-
dominal pain, increased Haemophilus, Staphylococcus,
Enterobacter, Prevotella, and Cutibacterium and reduced
Bifidobacteria and Clostridium were observed (Figure 3).
Reduction in Veillonella strains was found in association
with increased in fecal calprotectin level as a continuous
variable (Supplemental Figure 5). Although rectal bleeding
was not used as a PRO in CD, given that 19% of patients
reported this symptom with first stool collection, examina-
tion of microbial shifts associated with rectal bleeding was
performed and no differences were seen.

Examination of the microbial community composition
over time relative to the index (first) sample collection re-
vealed that within 147 paired dissimilarities in 50 CD
patients, those who ever had abdominal pain had less sta-
bility or increased dissimilarity in the microbial community
composition over time (within-subject Bray-Curtis dissim-
ilarity = 0.20 = 0.06; P = .002). A patient had to submit at
least 2 samples in the study to be included in this analysis
(Figure 4).

Metabolic Pathway Analysis

Metabolic pathway analysis found no differences in those
with CD when stratified by overall PR active symptoms,
increased stool frequency, abdominal pain, or fecal
calprotectin level. In UC patients, increases in sulfoglycolysis
and ornithine biosynthesis were associated with overall PR
active symptoms (Figure 5). No differences were found based
on individual PROs.

Discussion

Despite advancing knowledge about the human
microbiome and its role in disease pathogenesis, the as-
sociation between fecal microbial shifts and the devel-
opment, progression, and experience of IBD is not well
understood. Via shotgun metagenomic sequencing of stool
samples, our study demonstrated that microbial shifts cor-
relate with PROs in children and young adults with IBD,
while controlling for fecal calprotectin level as a surrogate
marker of mucosal inflammation. In UC, microbial shifts
were observed with overall disease activity, increased stool
frequency, and mucosal healing indirectly measured by
fecal calprotectin. In CD patients, microbial shifts were as-
sociated with abdominal pain but not with increased stool
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Figure 3. Microbial shifts in Crohn’s disease (CD) patients. Depiction of log2 fold changes (FCs) for shifts in relative abundance of microbiota in CD
patients based on abdominal pain. No microbial shifts were observed for CD patients with overall patient-reported active disease, increased stool
frequency, or fecal calprotectin <250 pg/g; thus, no additional plots are provided. Log2 FCs and P values were obtained from negative binomial mixed-
effects regression fit to 244 samples from 70 patients. FDR, false discovery rate;

frequency and not with mucosal healing. In both UC and
CD, those with active symptoms at any time point in the
study had decreased microbial community stability over
time compared with those who never reported symptoms
during the study period. Metabolic pathways also differed
relative to PROs in UC but not in CD. Together these
findings suggest that microbial shifts and microbial com-
munity volatility may be associated with patient symptoms
independent of mucosal inflammation in pediatric IBD.
This study replicated microbial shifts previously identified
in association with IBD and also identified novel patterns.
Controlling for fecal calprotectin allowed us to identify
microbial shifts not directly due to mucosal inflammation.
With this methodology, we interestingly also replicated
microbial community composition findings previously re-
ported in patients with irritable bowel syndrome (IBS),
who by definition lack gut mucosal inflammation. For ex-
ample, Klebsiella, which was increased in our UC patients
with overall PR active disease, increased stool frequency,
and rectal bleeding, and which was reduced in those with
fecal calprotectin <100 pg/g, has been previously associated
with more a more severe disease course in children with
UC.3? Lactobacillus gasseri was elevated in CD patients
with abdominal pain and UC patients with both overall
PR active disease and rectal bleeding. L. gasseri is typically
found in intestinal or vaginal flora®* and is contained in
many over-the-counter probiotics. It is possible that those
with increased symptoms were more likely to be prescribed
or electively take probiotics, thus skewing the results. Our
finding of microbial community instability in both UC

and CD patients with PR active disease is also in line with
prior studies showing increased temporal microbial varia-
tion in those with active IBD relative to control groups.’>*
In our Crohn’s analyses, we found elevation in multiple
Haemophilus strains. A small study of 22 pediatric patients
with IBS similarly found increases in H. parainfluenzae
compared with healthy control subjects.?* Similarly, reduc-
tion in Bacteroides, which we found in UC patients with
diarrhea, has been observed in IBS cohorts.?® Our replica-
tion of microbial shifts previously reported in IBS patients
lends support to our conclusion that microbial shifts may
indeed contribute to patient symptoms even in the absence
of inflammation.

In contrast to existing literature, our study found an in-
verse association of Veillonella and elevated fecal calprotectin
in CD (Supplemental Figure 5). Increases in Veillonella spe-
cies have been previously associated with active, refractory,
and complicated IBD. Additional analyses represented via
scatter plots showed that this association was driven by a
few outliers with markedly elevated fecal calprotectin levels
(Supplemental Figure 8).

Our study utilized shotgun metagenomic sequencing,
which enables precise analysis of the human microbiome
and metabolic pathways, which in turn may have an
amplified impact on the clinical course of IBD.3”* Our
analyses identified increased ornithine biosynthesis in UC
patients with overall PR active disease. Prior studies have
identified increased tissue metabolism of L-arginine as part
of the arginine-ornithine pathway in murine colitis models
and humans with active UC.* In a microbial-induced
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Figure 4. Microbial temporal variation in Crohn's disease patients. Within-subject Bray-Curtis dissimilarity was calculated from the time of first sample
collection in Crohn's disease patients. A total of 147 paired dissimilarities were calculated on 50 patients. The Bray-Curtis dissimilarity was increased in

samples from patients ever reporting abdominal pain (0.20 + 0.06; P = .002).

colitis model, this was modeled by altered enzymatic gene
expression in the arginine-ornithine pathway, leading to
increased nitric oxide production and altered mucosal
healing, which was attenuated with L-arginine supple-
mentation.*® Interestingly, mouse models have recently
demonstrated that upregulation of ornithine metabolism by
Clostridiodes difficile may confer a competitive advantage
allowing asymptomatic C. difficile colonization.*' Enriched
sulfoglycolysis pathways were also observed in in our UC
cohort of patients with PR active disease. Little is known
about the role of sulfoglycolysis in IBD, but bacteria such as
Escherichia coli possess this pathway, which breaks down
sulfoquinovose from plant material to provide energy.’'
Notably, Klebsiella, which we found to be increased in
UC patients with PR active disease, has also been found to
utilize sulfoquinovose as a sole carbon source.*> Thus, mi-
crobial advantages in utilizing certain amino acids may in-
fluence overall community microbial composition, which in
turn can have amplified effects on host health. Direct meas-
urement of microbial functional contributions via RNA
metatranscriptomics and direct measurement of metabolites
may provide even further insight into the impact of micro-
bial shifts on disease symptomatology and progression.
One strength of our study was the use of PROs returned
with each stool sample collected. The use of mail-in

questionnaires fully eliminated provider interpretation of
patient symptoms. While the PRO2 for both UC and CD
are derived from existing clinical disease activity indices in-
cluding Mayo Clinical Score or Ulcerative Colitis Clinical
Disease Activity Index (UC) and Crohn’s Disease Activity
Index (CD), we used the questionnaire for the Short
Pediatric Clinical Disease Activity Index, which combines
report of liquid stools and blood in stools into one ques-
tion. Although this language may be confounding, each pa-
tient with CD also returned a PUCAI questionnaire, hence
report of blood, liquid stools, and stool frequency could
be cross-referenced for consistency, and ultimately rectal
bleeding was not used as a PRO in CD patients. Concise,
simple PROs will increasingly be used as clinical and study
endpoints involving IBD, and it is important that pediatric
patients are included in this evolution.

Despite several strengths including shotgun metagenomic
sequencing and the use of PROs, our study also has several
limitations. First, we were not able to assess for mucosal
healing via endoscopy. While a fecal calprotectin cutoff
of 250 ng/g is an established threshold for determining
inflammation in CD, this threshold may misclassify those
with isolated small bowel disease.*® Similarly, differences
in the fecal microbiome and mucosal microbiome have
been observed*** and microbial shifts and metabolic
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Figure 5. Shifts in metabolic pathways in ulcerative colitis patients based on overall patient-reported active disease. Log2 fold changes and false
discovery rate (FDR)-corrected P values were obtained from negative binomial mixed-effects regression fit to 76 samples from 23 patients.

pathway variation in tissue could be misrepresented by
fecal sample collection alone. In the UC group, there was
a relatively low number of patients included with sev-
eral samples included per patient. We used mixed-effects
models to account for the repeated measures design and
an FDR-corrected P value of .05 to account for the lack of
independence and limit false positive results.

Conclusions

Our knowledge of the pathophysiology of IBD has ex-
panded over recent decades, leading to increasingly ef-
fective therapeutic options. Still, many patients continue
to experience debilitating gastrointestinal symptoms even
when serum and fecal markers have normalized. PROs
are increasingly utilized in clinical care and clinical trials
and provide direct insight into the patient experience of
disease, rather than through a physician’s filter. The as-
sociation of microbial shifts with specific PROs in IBD,
while controlling for fecal calprotectin, suggests that mi-
crobial shifts may underlie and in fact drive symptoms re-
gardless of inflammation. Further studies are needed to
determine if specific microbial shifts, metabolic pathway
variation, and metabolites are reliably associated with
PROs and, better yet, if these shifts can be modified with
personalized, targeted microbial therapy to improve pa-
tient outcomes in IBD.

Supplementary Data

Supplementary data is available at Inflaimmmatory Bowel
Diseases online.
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