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Abstract

Genetic and environmental contributions to gastrointestinal health
By Kelly Ann Shaw

More than 60 million people in the United States (US) are affected by gastrointestinal (GI) diseases.
An estimated $100 billion is spent on direct costs for medical care and indirect costs from morbidity
and mortality. Genetics, diet, and microbes all play interconnected roles in the development and
normal functioning of the GI tract. Through my dissertation work I sought to address the
relationship between these factors and GI symptoms and disease. First, I tested a hypothesis
generated from parents of individuals with a rare single-gene metabolic disease, classic galactosemia
(CG). These parents anecdotally reported their children suffered from GI symptoms. Using an
online survey, I found that individuals with CG were 4.5 times more likely to report constipation
and 4.2 times more likely to report nausea compared to controls. There were no significant effects of
predicted residual GALT activity or dietary galactose restriction, two known modifiers of other
long-term outcomes in CG. Secondly, I sought to identify rare genetic variants that may contribute
to increased susceptibility to pediatric inflammatory bowel disease (IBD). We found overlap with
well-established IBD genes and evidence supporting the contribution of neutrophil function to
disease. We also found variants in several extracellular matrix proteins, which have been of recent
interest in the field. Finally, I studied gut bacteria in IBD, because host immune response to
microbes likely plays a role in disease etiology. Previous work found increases and decreases in
specific bacterial families in patients compared to controls. I expanded on their work by studying
these bacteria longitudinally. I found that this imbalance in bacteria decreased over time but
remained higher than in controls. While abundance of these IBD-associated bacteria

was associated with a marker of gut inflammation, it did not differ between patients with and
without mucosal healing, a marker of response to treatment. I discovered other bacterial groups that
better separated responders to treatment from non-responders; a larger study is needed to follow up
on these findings. My dissertation work focused on these two diseases to advance our knowledge of
GI health and potentially lead to better prevention, prognosis, and treatment of disease.
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CHAPTER I. Introduction

Poor gastrointestinal (GI) health is a significant problem for individual and
public health.

More than 60 million people in the United States (US) are affected by digestive tract
diseases' such as constipation, diarrhea, inflammatory bowel disease, irritable bowel
syndrome, gastrointestinal infections, hemorrhoids, diverticular disease, abdominal hernia,
gallstones, ulcers, hepatitis, and pancreatitis® In 2012, around 32.1 million ambulatory care
visits (3.5 percent of all such visits) were associated with diseases of the digestive system’.
Almost 1 in 4 of those visits were to emergency departments; these 7.5 million visits
accounted for 5.8 percent of total emergency visits*. There were 21.7 million hospitalizations
as a result of digestive diseases in 2010° and 245,921 deaths attributable to digestive disease
in the US in 2009, representing 10% of all deaths that yeat®.

Not only is the impact of GI disease wide in scope, it is also very costly. One
estimate from 2004 found not only $97.8 billion in direct medical costs for care of GI
diseases, but also an estimated $44 billion in indirect costs due to lost work from disease-
associated morbidity and mortality®’. In the 2010 National Health and Wellness Survey of
75,000 people in the US, individuals with GI diseases or experiencing GI symptoms reported
worse mental and physical health and higher levels of impairment in work and general
activities than individuals without disease’.

Gastrointestinal health is a multi-faceted problem since the GI tract is one of the
primary interfaces of the human body and its environment. Genetics, diet, and microbes all
play important and interconnected roles in development and normal functioning of the GI

tract. Through my dissertation work I sought to improve our understanding of GI health



through studying some of these factors—not only in a disease specific to the digestive tract,
inflammatory bowel disease, but also classic galactosemia, a disease not traditionally thought

of as having GI involvement.

Single-gene inherited metabolic disorders can provide novel insight into GI
health.

Gl involvement has been understudied in classic single-gene Mendelian diseases
involving inborn errors of metabolism. Though the causative gene is known in these
disorders, often the actual pathophysiology that results in clinical manifestations is unknown.
Another contributing factor in these disorders is the necessity of avoiding intake of specific
nutrients; this can mean lifelong adherence to a diet which is fundamentally different from
most of the population.

Classic galactosemia (CG) is one example of a rare, single-gene inherited inborn error
of metabolism that could offer insight into issues of GI health. The incidence of CG is
approximately 1/50,000 in the US, occurring mainly in populations of European descent®’.
The primary metabolic defect of CG, an inability to metabolize galactose, arises from null or
low activity of both alleles encoding the galactose-1-phosphate-uridylyltransferase (GALT)
enzyme. All states screen for CG as part of newborn screening®’, because infants must be
identified and stop breastfeeding immediately to prevent severe acute complications
including vomiting, diarrhea, failure to thrive, and hepatomegaly from their inability to
process the galactose in breastmilk.

Even though simple dietary intervention to remove sources of galactose prevents
severe acute illness, many children with the disease still experience long-term

complications'”"". One negative long-term outcome experienced by more than half of



patients is developmental delay including motor, behavioral, speech, and emotional
abnormalities, along with cognitive disability'™. Women with CG also experience very high

"' (and reviewed in ).

prevalence (80-90%) of primary or premature ovarian insufficiency
Additionally, anecdotal reports from parents in the CG community led to the hypothesis that
children with CG might also experience GI problems. However, no study had formally
investigated the problem. In the course of this dissertation I helped lay the foundation for
GI health research in CG by testing whether these individuals experienced higher prevalence

of GI symptoms and whether any known modifiers of long-term outcomes—ypredicted

residual activity or dietary galactose restriction—also showed effects on GI health'.

While GI health in CG is a new area of research, inflammatory bowel disease
is a disorder of the digestive tract which has been studied for decades.

Inflammatory bowel disease (IBD) is characterized by chronic remitting and
relapsing inflammation of some portion of the GI tract. The two most common forms of
IBD are Crohn’s disease (CD) and ulcerative colitis (UC). CD and UC are primarily
differentiated by the location and characteristics of inflammation. In CD, inflammation is
transmural (spanning all layers of the epidermis) and can occur in a discontinuous pattern
anywhere along the GI tract. Abscesses, strictures (narrowing of the GI tract), or fistulas are
possible complications. In contrast, inflammation in UC is not transmural and is limited to
the colon. In UC the innermost part of the epidermis sloughs off, or ulcerates, leading to a
distinctive “cobblestone” appearance in the large intestine (clinical aspects of disease
reviewed in 7).

Both diseases result in substantial quality of life issues. Symptoms vary based on

disease location or severity of inflammation, but abdominal discomfort or pain, diarrhea, and



passage of blood and/or mucus are common among patients. Additionally, up to 25% of
patients present with extraintestinal manifestations which often include inflammation of
non-GI tissues such as uveitis, pleuritis, myocarditis, pancreatitis, ankylosing spondylitis,
arthritis, and tendonitis'. Since IBD is a chronic disease, patients often require medication
long-term, and colonoscopies are needed from a younger age for surveillance to counter the
possible increased risk of colon cancer. Surgery is also a frequent outcome for individuals
with IBD: 70-80% of patients with CD have intestinal surgery within 20 years of diagnosis,
and 25-30% of UC patients require colectomy within 25 years".

According to a 2016 study of the population of Olmstead county, Minnesota,
estimated US prevalence per 100,000 people is 246.7 cases for CD and 286.3 cases of UC,
with an annual incidence per 100,000 people of 10.7 and 12.2 new cases of CD and UC,
respectively”. A more broad study that utilized data from 12 million commercially-insured
individuals from 2008-2009 estimated very similar prevalence in adults—241 cases of CD
and 263 cases of UC per 100,000 people*. These numbers mean that an estimated 1.2-1.6
million people currently have IBD in the US. While most diagnoses of IBD are received in

the age range from late 20s to mid-30s™*

, an estimated 5% of prevalent cases, or 62,000
patients, are younger than 20 years of age®.

Worryingly, most studies of IBD in the US have found evidence of increasing
incidence in both adult and pediatric populations™'. Hospitalizations and associated

healthcare costs from IBD follow the same trend of significant increase over time, from

approximately 1.2 billion 2012-inflation-adjusted dollars in 1993 to $3.5 billion in 2012

IBD has been a paragon of discovery in genome-wide association studies.



Because family history of IBD is the biggest risk factor for disease (a study of the
entire Danish population estimated that up to 12% of all IBD cases in that country were
familial®!), genetic studies have been pursued as one way of understanding disease etiology.
In studies of twins, concordance between monozygotic twins—who share 100% of their
DNA—was 37.3% and 10% for CD and UC, respectively. For dizygotic twins, who share
the same environment 2z utero but are no more genetically similar than other siblings,
concordance was 7% for CD and 3% for UC *. The higher concordance for MZ twins
demonstrates that genetic factors play a role in getting IBD.

Of course with this evidence for heritability, more detailed genetic studies soon
followed to identify specific genetic loci that associate with disease. Before high-resolution
association studies were possible, linkage studies were originally used to find general areas of
the genome that could contribute to IBD risk. Through these approaches, signals associated
with either CD or UC were found and replicated across the genome on chromosomes 3, 5,
6,12, 14,16, and 19 (reviewed in »). The advent of array technologies allowed hundreds of
thousands of loci to be genotyped at a reasonable cost. This allowed for larger sample sizes
and increased resolution of the genome; as a result the number of IBD-associated loci
skyrocketed.

To date, genome-wide association studies (GWAS) have identified well over 200 loci
associated with risk for IBD. In 2012, Jostins et al. published the largest meta-analysis of
IBD, which included genetic data for 32,628 IBD cases and 29,704 controls®. This study
identified 163 loci significantly associated with IBD. Thirty loci showed an effect only in
Crohn’s disease (including NODZ2 with OR >3), 23 loci were specific to ulcerative colitis (the
most distinctive being HI.4), and 110 loci were associated with both diseases (e.g. I[.23R,

MUCTY9), suggesting genetic architecture of the two is mostly shared. Liu et al. expanded this



research in 2015 to more diverse cohorts including 9,846 individuals of Iranian, Indian, or
East Asian descent; they replicated the Jostins findings in addition to discovering 38
additional loci. They found that for most associated loci the direction and magnitude of
effects were the same across populations, but there were important differences in allele
frequency (e.g. NOD2), effect size, or both (e.g. [[.23R) for several loci”’. Another 25 loci
were recently added to the list, 3 of which encode integrin proteins™. Though genetic

29,30

findings in pediatric IBD largely echo findings in adults™”, one study of greater than 1,000
pediatric-onset IBD cases and 1,600 controls found slightly increased odds ratios for risk
alleles also found in adult populations (including the well-established NODZ2), and greater
burden of these common variants was weakly correlated with earlier age of onset in Crohn’s
disease™.

Overall heritability calculated using data from genotyping studies is estimated to be
37% for CD and 27% for UC*, approximately half of the heritability estimated from twin
studies (75% for CD and 67% for UC), reflecting the recurring theme of heritability that is
“missing” after GWAS is performed™*. Though IBD is regarded as a GWAS “success”
because so many SNPs have been identified, effect sizes for these variants are generally small
(with an average OR 1.1), and only account for 13.1% and 8.2% of variance in disease for
CD and UC, respectively”, leaving room for contributions from other genetic features such
as rare genetic variants, copy number variation, and epigenetic differences. Most variants in
protein-coding sequence are at low frequency’ ", and the explosive growth of the human
population in recent history has led to a corresponding explosion of rare variants™. I

therefore set out to explore pathway enrichment and rare genetic variation in a cohort of

pediatric IBD cases.



There is evidence in IBD that the gut microbiome is an important
environmental influence contributing to disease etiology.

As previously mentioned, diagnoses of IBD as well as associated costs have been
increasing in the US, but this phenomenon is noted more broadly in the majority of
adult'**” and pediatric***' cohorts wotldwide. While the highest rates of IBD are in North
America, the UK, and northern Europe, countries experiencing the greatest increase in rates
are nations undergoing recent booms in industrialization such as those in East Asia'>***.
Immigrants who move from low-incidence to high-incidence areas are at increased risk for
IBD, and this increased risk is also experienced by their descendants®”. These observations
provide evidence that genetics is not everything in IBD—the environment also plays a large
r01639’42’44_46.

Many factors change as a country develops. There are changes in occupational
exposures as industry grows and more people move to urban locales. Diet may also be
impacted as the economy grows and international restaurant chains seek new markets. Of
additional importance, developing countries undergo an epidemiologic transition—where
society’s morbidity and mortality burden shifts from infectious to chronic disease through
improvements in public health interventions and medical care.

These diet, lifestyle behavior, sanitation, and environmental exposure changes that
accompany industrialization have been linked to development of IBD*. Not only does this
shift population exposure to microbes in the external environment, but also in the
environment they carry around every day. The human microbiome is the collection of
microbes, including bacteria, viruses, fungi, and single-celled eukaryotes on and within the

human body. There are multiple body sites where microbes have carved out niches to live:

the skin, respiratory tract, genitourinary tract, and all along the digestive tract.



The gut microbiome contains the most diverse population of microbes®’, and much
research has focused on this site. In addition to its involvement in digestion and response to
environmental chemicals, the gut microbiome in humans is important for healthy gut and
immune system development, as well as ongoing regulation of the immune system, and
prevention of invasion and growth of pathogens (reviewed in **). With these important roles
in human health, it seems likely that the gut microbiome could also play an important role in
disease. Since immune activation and host response to microbes emerge as an important
theme in genetic studies of IBD*?*, defining the gut microbiome in IBD was a high priority.
Another compelling reason to pursue the role of the gut microbiome in disease is that we
can target the gut microbiome for intervention quite easily—through probiotic
supplementation or fecal microbiome transplants.

Preliminary studies of IBD patients’ gut microbiomes have found significant
differences in their microbiomes compared to controls, including an overall reduction in
bacterial diversity as well as altered abundance of specific bacterial groups and gene families
found within bacterial genomes® . Studies have shown that the gut microbiome plays a
large role in driving inflammation in IBD* and treatment involving antibiotics has been

shown to reduce intestinal inflaimmation in patients™.

One large study of treatment-naive pediatric Crohn’s patients helped set the
stage for microbiome research in IBD.

In 2014, Gevers et al. published a study where they compared intestinal biopsy and
fecal samples in 447 children with newly diagnosed, treatment-naive Crohn’s Disease to 221
controls™. They discovered that bacterial families Enterobacteriaceae, Pasteurellaceae,

Fusobacteriaceae, Neisseriaceae, Veillonellaceae, Gemellaceae were increased in patients.



Bacterial orders Bacteroidales and Clostridiales (excluding Veillonellaceae) and families
Erysipelotrichaceae and Bifidobacteriaceae were significantly decreased in patients.

In this study, disease severity was measured by the Pediatric Crohn’s Disease Activity
Index (or PCDAI), which is the most common measure of disease activity. It involves
collection of data including patient recall of their symptoms over the last week, various
blood markers and basic clinical exam, weight gain/loss, height trajectory, but it’s worth
noting it is fairly subjective, not a direct measure of inflammation or treatment response.
They showed that when you sum the abundances of these CD-associated taxa in samples,
higher abundance associated with worse severity of disease. With the decreased-in-CD taxa,
higher abundance associated with less severe disease.

“Dysbiosis” is the general term often used to refer to gut microbiome characteristics
that are different in a group compared to controls. Gevers et al. created an IBD-specific
quantification called the microbial dysbiosis index. They took the logi, of the total
abundance of bacteria associated with Crohn’s divided by the abundance of bacteria
decreased in Crohn’s. The dysbiosis index was therefore a summary measure that maximized
the differences between cases and controls, and in separate replication samples of 425 ileal
biopsies, 300 rectal biopsies, and 199 stool samples, it successfully separated cases and
controls with area under the receiver operating characteristic curve (AUC) of 0.85, 0.78, and
0.66, respectively.

While the Gevers paper did a lot to set the stage for microbiome research in IBD,
there were unanswered questions that I sought to address as part of my dissertation work™®:
What happens to the microbiome over time with treatment? Gevers et al. showed dysbiosis

associated with a somewhat subjective measure of disease activity, but what about a more
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objective measure of inflammation? Lastly, does the dysbiosis index associate with treatment

outcome?r

Because of the significant impact GI disease has on individuals and the
healthcare system, it is important to learn more about GI health, whether from
diseases of the digestive tract like IBD or disorders like CG in which GI symptoms
are secondary.

My dissertation work focused on these two seemingly disparate diseases to advance
our knowledge of GI health. In CG, examining whether GI problems are associated with
disease could bring clinicians’ attention to an as-yet unrecognized issue for their patients,
improving quality of life. Potential GI involvement could also contribute to new hypotheses
regarding disease pathophysiology, as well as emphasize the need to rigorously study possible
contributions of diet to long-term outcomes in CG. For inflammatory bowel disease, finding
rare genetic variants in known or novel genes associated with disease could both illuminate
etiology or new pathways for therapeutic targeting. Likewise, greater knowledge of the gut
microbiome in IBD could be used not only to identify disease, but examination of
longitudinal patterns of change could be used to monitor disease status and inform

treatment options, including those targeted to the microbiome itself.
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CHAPTER II. Gastrointestinal health in classic galactosemia

Coauthors: Jennifer G. Mulle, Michael P. Epstein, and Judith L. Fridovich-Keil

SUMMARY

Classic galactosemia (CG) is an autosomal recessive disorder of galactose metabolism that
affects approximately 1/50,000 live births in the United States. Following exposure to milk,
which contains large quantities of galactose, affected infants may become seriously ill. Early
identification by newborn screening with immediate dietary galactose restriction minimizes or
prevents the potentially lethal acute symptoms of CG. However, more than half of individuals
with CG still experience long-term complications including cognitive disability, behavioral
problems, and speech impairment. Anecdotal reports have also suggested frequent
gastrointestinal (GI) problems, but this outcome has not been systematically addressed. In this
study we explored the prevalence of GI symptoms among 183 children and adults with CG
(cases) and 190 controls. Cases reported 4.5 times more frequent constipation (95% CI 1.8-
11.5) and 4.2 times more frequent nausea (95% CI 1.2-15.5) than controls. Cases with
genotypes predicting residual GALT activity reported less frequent constipation than cases
without predicted GALT activity but this difference was not statistically significant. Because
the rigor of dietary galactose restriction varies among individuals with galactosemia, we further
tested whether GI symptoms associated with diet in infancy. Though constipation was almost
four times as common among cases reporting a more restrictive diet in infancy, this difference
was not statistically significant. These data confirm that certain GI symptoms are more
common in classic galactosemia compared to controls and suggest future studies should
investigate associations with residual GALT activity and dietary galactose restriction in eatly

life.
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INTRODUCTION

Classic galactosemia (CG) results from profound deficiency of galactose-1-phosphate
uridylyltransferase (GALT) activity and affects approximately 1/50,000 live births in the
United States (Pyhtila et al 2015). Following exposure to milk, which contains large quantities
of galactose, affected infants can become seriously ill and die if not immediately switched to a
low-galactose formula (Berry 2014). Early identification by newborn screening and rapid
dietary intervention generally prevents or resolves the potentially lethal acute symptoms of CG
(Berry 2014).

Despite early diagnosis and intervention, most individuals with CG experience long-term
complications that can include multiple developmental disabilities (Kaufman et al 1995,
Waggoner et al 1990). The majority of girls and women with CG also experience primary or
premature ovarian insufficiency (Fridovich-Keil et al 2011, Kaufman et al 1979, Spencer et al
2013, Waggoner et al 1990). For years, anecdotal reports of increased gastrointestinal (GI)
health problems in CG have been shared by families but not investigated formally. To
determine whether children and adults with CG indeed experience increased prevalence of GI
symptoms, we performed a systematic survey of GI health among 183 individuals with CG
(cases) and 190 controls. To address possible genetic and environmental modifiers of GI
outcome in CG we also gathered GALT genotype and retrospective diet information for each
case.

More  than 300  different  GALT  variants  have  been  reported
(http:/ /arup.utah.edu/database/ GALT/GALT_display.php; (Calderon et al 2007)) and this
allelic heterogeneity has been a suspected modifier of outcomes (e.g. (Tyfield et al 1999)).
Recently, trace residual GALT activity predicted from a yeast model system for specific

genotypes was associated with both improved scholastic (Ryan et al 2013) and ovarian
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outcomes (Spencer et al 2013), suggesting that residual GALT activity might also modify GI
outcomes in CG.

Another potential modifier of GI outcomes in CG is diet. While the majority of healthcare
providers recommend lifelong dietary restriction of milk and other dairy products for their
patients with CG, some also recommend restriction of non-dairy foods that contain low levels
of galactose (Gleason et al 2010, van Calcar et al 2014). As a result, rigor of dietary galactose
restriction varies among individuals with CG.

Using GI health outcomes, GALT genotype, and retrospective diet information collected
for volunteers in our study we sought to address (1) whether cases reported more frequent GI
problems than controls, (2) whether presence of predicted residual GALT activity associated
with frequency of GI symptoms among cases, and (3) whether rigor of dietary galactose

restriction in infancy associated with frequency of GI symptoms among cases.

MATERIALS AND METHODS

Study volunteers

Children and adults with classic galactosemia were ascertained by referral from healthcare
professionals or self-referral, often following interactions facilitated by the Galactosemia
Foundation (www.galactosemia.org). Controls were recruited in two ways. First, unaffected
siblings of CG volunteers participating in the study were recruited as “related controls.”
Second, “unrelated controls” were recruited by posting an IRB-approved flyer to the Centers
for Disease Control (CDC) parents’ email listserv (a widely subscribed electronic mailing list).
All study volunteers completed informed consent prior to joining this IRB-approved study

(Emory IRB00024933, PI: JL. Fridovich-Keil).


http://www.galactosemia.org/
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Gastrointestinal health parent- or self-report survey

We developed the gastrointestinal (GI) health survey used in this study to assess how
frequently each study volunteer experienced different GI symptoms including abdominal pain,
constipation, diarrhea, heartburn, nausea, and vomiting (see Supplemental data). The survey
was administered online via Emory’s HIPAA-compliant Feedback Server in 2013 and 2014.
Surveys were completed by parent/guardians for their children, or by adults for themselves.
Symptoms of each GI outcome were rated by frequency: “never”, “less than once a month”,
“at least once a month”, “weekly”, or “daily”. We classified problems that were experienced
more than once a month as “frequent” and problems experienced less than or equal to once
a month as “infrequent.”

In addition to measures of GI health, we also gathered data on potential covariates
including probiotic/antibiotic usage within the prior 6 months, date of birth, gender, race, and
ethnicity. Our study design did not allow calculation of an overall response rate because the
survey distribution routes used prevented us from knowing how many eligible people received

the invitation to participate.

Dietary restriction parent-report survey

Our diet survey was developed to assess historical dietary information retrospectively. For
individuals with classic galactosemia, this included which food groups were restricted in
infancy to avoid galactose exposure. Like the GI health survey, our diet survey was
administered online via Emory’s Feedback Server. One hundred fourteen cases who

responded to the diet survey also completed the GI health survey. We scored dietary restriction
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of milk/dairy only or milk/dairy plus legumes as “moderate” and restriction of milk/dairy,

legumes, plus other food groups (e.g. some fruits or vegetables) as “strict.”

Predicted residual GALT activity

We collected all available GALT genotype information for cases and calculated predicted
GALT enzyme activity using results from a previously described yeast expression system
(Fridovich-Keil and Jinks-Robertson 1993, Richman et al 2001). Cases were classified as
having either =0.4% predicted residual GALT activity (approximately the limit of detection of
the enzyme assay) or <0.4% predicted residual GALT activity based on the average of

activities predicted for their two GALT alleles.

Statistical analyses

We petrformed all statistical analyses in R (https://www.t-project.org/). Because there are
no good estimates for the relevant population prevalence of the GI symptoms we report, we
used the reported symptoms in our controls as a guide for calculating the statistical power of
our study. Reported symptoms ranged from a prevalence of 1.6% (nausea) to 6.3%
(heartburn) in our controls. With our sample size, we had 80% power to detect an increase in

cases of 5.2-7.8%.

To determine if there were significant differences in population structure or outcomes
between related and unrelated control groups, we used chi-square tests, t-tests, and Fisher’s
exact tests, as appropriate. For case/control comparisons we performed logistic regression
using generalized estimating equations (GEE) (Liang and Zeger 19806) to account for within-
family correlations. With “frequent” (symptom experienced more than once a month) or

“infrequent” (symptom experienced once a month or less) GI symptom as the outcome, our
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full models included “case” or “control” diagnosis as the predictor of interest and age, gender,
probiotic use, and antibiotic use as covariates. Covariates were tested individually for
association with outcome and retained in our reduced model if their p-value was <0.1. To
adjust for multiple testing of various GI symptoms, we used permutation procedures that
randomly shuffled each subject’s set of GI symptoms within the study. To perform
permutations while maintaining the existing familial structure in the dataset, we performed
separate shuffling of unrelated subjects (unrelated cases and unrelated controls) and related
subjects (related cases and controls). For related subjects, we assigned each individual’s set of
GI symptoms randomly among subjects from the same family. Symptoms significantly
associated or close to associated with diagnosis (p=0.1) were subjected to 10,000 such

permutations of outcome to account for multiple testing.

For case-only diet and residual activity analyses we used Fisher’s exact tests because all
cases were unrelated (independent observations) and at least one cell in each comparison

included fewer than five individuals.

RESULTS

Study population characteristics

In total, 499 people responded to our GI health survey. However, we restricted analyses
to respondents between ages 1 to 55 because of differences in distribution of cases and
controls outside this range. Additionally, because >90% of our cases self-reported as white
and non-Hispanic, we restricted our analyses to this demographic. We ultimately analyzed GI
health survey results from 183 children and adults with classic galactosemia (cases) and 190

children and adults without classic galactosemia (controls). These 190 controls included 75
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volunteers who were related to cases in the study, and 115 unrelated volunteers. There were
only 4 reports of frequent vomiting in our entire cohort (evenly split between cases and
controls), so we excluded this outcome from our analysis.

Notably, GI outcomes were not significantly different between the related and unrelated
control groups for abdominal pain, constipation, heartburn, or nausea (Fisher’s exact test p=1,
p=1, p=1, and p=0.3, respectively). This is important because it suggests there were not strong
“household” effects impacting the outcomes studied here. However, 13 unrelated controls
reported severe diarrhea, compared to O reports in the related control group (Fisher’s exact
test p=0.002). Privacy issues prevented us from re-contacting these 13 individuals for
clarification, and because they did not clearly differ from other controls with regard to other
parameters assessed, we did not exclude them from the study but instead did not test diarrhea
as an outcome in subsequent analyses.

Unrelated controls were significantly older than related controls (24 * 14 years old
compared to 18 * 14 years old; t-test p=0.003), and overall this combined control group was
significantly older than the case group (22 * 14 years old compared to 16 = 12 years old;
p=1E-05 based on t-test). We therefore tested age as a potential covariate in all case/control
analyses. We likewise tested gender as a potential covariate because of differences in gender
distribution between related and unrelated controls (63% and 42% female, respectively; chi-
square p=0.008). However, the gender distributions of cases and combined controls were not
significantly different (55% and 50% female, respectively). Table S1 shows a summary of the

numbers of cases and controls used in all comparisons.

Individuals with classic galactosemia experience some GI symptoms more frequently

than controls
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Our final GEE models comparing frequency of GI symptoms between cases and controls
included: probiotic usage for abdominal pain and constipation, age for heartburn, and
antibiotic usage for nausea (Table S2 provides a summary of full and reduced models). Of
note, both antibiotic and probiotic usage were similar between cases and controls, so this was
not a confounding variable (Table S3). Gender did not approach significant association with
any outcome (p>0.1 for all analyses) and therefore was not included in any of our reduced

models.

Using case/control status as a binary predictor in our GEE framework, we were able to
calculate adjusted odds ratios for experience of frequent symptoms controlled for relevant
covariates (Table 1). Comparing unadjusted prevalence numbers we found that a diagnosis of
classic galactosemia was significantly associated with a 4.5-fold increase in frequent
constipation (95% CI 1.8-11.5, permuted p=0.0008) and a 4.2-fold increase in frequent nausea
(95% CI1.6-18.7, permuted p=0.03) (Figure S1). Differences in abdominal pain (2.1-fold, 95%

CI 0.8-5.4) and heartburn (1.2-fold, 95% CI 0.5-2.9) were not significant.

Residual GALT activity and GI health

For the case-only residual GALT activity question, we had GALT genotype information
for 153 of the 183 cases who completed our GI health survey, 29 of whom had GALT alleles
either not yet tested or not appropriate for study in our yeast system (Fridovich-Keil and Jinks-
Robertson 1993, Riehman et al 2001). Of the 124 cases for whom we could predict GALT
activity, 27 had 20.4% predicted residual GALT activity and 97 had <0.4%. GALT genotypes

and predicted activities for this study are summarized in Table S4.
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While cases with predicted residual GALT activity 20.4% reported one-fifth the frequent
constipation reported by cases with lower predicted activity (Table 2, odds ratios, upper rows
and Figure S2A, unadjusted prevalence), this difference was not statistically significant (95%
CI 0.005-1.6, p=0.2). There was no evidence of a difference in frequency of nausea between

the two groups (p=1).

Dietary restriction in infancy and GI health

We received completed parent-response diet surveys with historical galactose restriction
data for 114 of the 183 cases who also completed our GI health survey. The diet survey asked
respondents to indicate categories of food restricted in infancy to avoid galactose. Options
included: (1) milk and other high galactose dairy products, (2) legumes, (3) some fruits, (4)
some vegetables, and (5) other. Milk and other dairy products were universally restricted
among cases in infancy, and most families also restricted legumes which have long been
considered a significant source of galactose (Acosta and Gross 1995). A smaller proportion of
families also restricted some fruits/vegetables, or other foods believed to contain potentially
concerning levels of galactose. Because of this distribution, we defined diets restricting only
milk/dairy or milk/dairy plus legumes as “moderate” and diets restricting these plus any
additional food groups (e.g. some fruits and vegetables) as “strict.”

Nausea was not significantly different between “moderate” and “strict” dietary groups
(Table 2, odds ratios, lower rows and Figure S2B, unadjusted prevalence). We noted a 3.9-
fold increase in odds for frequent constipation in the “strict” group but this result was not
significant (95% CI 0.8-38.3, p=0.1). Importantly, our findings were not confounded by the

effect of residual GALT activity, because similar proportions of cases in the “moderate” and
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“strict” dietary groups had =0.4% predicted residual activity (19% and 22%, respectively,

Table S5).

DISCUSSION

The main goal of this study was to test whether there was a link between classic galactosemia
and specific GI symptoms among a relatively large cohort of volunteers. Our results
demonstrated that cases indeed reported significantly more frequent constipation and nausea
than controls. Specifically, we found that individuals with classic galactosemia in our study
were 4.5 times more likely to report frequent constipation and 4.2 times more likely to report
frequent nausea compared to controls. It is important to note that while these increases were
significant, the absolute prevalence of each symptom in our CG study group was fairly low at
11% and 5%, respectively. Therefore, while individuals with classic galactosemia do experience

these GI problems more frequently than controls, these symptoms are not universal.

As a first step toward identifying possible genetic and environmental modifiers of GI
health outcomes in classic galactosemia we addressed two obvious possibilities: predicted
residual GALT activity and diet in infancy. We found suggestive trends for residual GALT
activity: cases with 20.4% predicted residual GALT activity reported less frequent
constipation than individuals with <0.4% predicted residual GALT activity (Table 2). We saw
no evidence of a difference in frequency of nausea. However, a larger study is needed to
confirm or refute the significance of these results.

Considering dietary galactose restriction in infancy, we noted a nearly four-fold increase
in reported frequent constipation among cases on strict compared to moderate galactose

restriction in infancy. This difference was not statistically significant, but our sample size may
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not have been adequately powered to detect a difference. We saw no notable difference in the
frequency of nausea between the two diet groups.

We did not have concurrent GI health and general nutritional information for our study
cohort. It is therefore possible that cases on more restrictive diets in infancy also followed
more restrictive diets later in life, potentially leading to lower fiber intake due to a reduction
in fruit and/or vegetable consumption. A larger study, with data gathered concurrently for diet
and GI symptoms, will be needed to test this possibility. We also did not have information
concerning a number of other factors that might have potentially influenced the GI outcomes
we measured here, including type of milk substitute consumed, if any, presence or absence of
calcium supplementation, psychosocial distress or psychiatric comorbidity, alcohol ingestion,
obesity, or use of medications not covered by our survey.

Because classic galactosemia is a rare disorder with limited treatment options, individuals
experiencing complications may be more likely to participate in research than those not
experiencing complications, resulting in ascertainment bias. However, our observation that
less than 12% of cases reported “frequent” experience for each GI symptom helps counter
the concern that only those with frequent GI problems were motivated to participate in this
study.

One other study limitation is the retrospective nature of our diet survey. Because classic
galactosemia is a rare condition (1/50,000 live births), it took many yeats to assemble our study
cohort, at all times welcoming cases of any age to join. While recall bias is therefore potentially
a concern, there was no practical way to conduct this study otherwise. Of note, we have
anecdotally found that parents of children with classic galactosemia tend to remember

incredible detail of their child’s early diet, perhaps because they worried about it so much.
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Another potential limitation is our control group. We originally wanted to use siblings of
cases to control for shared environment and genetics. However, we worried that parents
raising a child with classic galactosemia might be so focused on the considerable health needs
of their affected child they might under-report possible health concerns for their non-CG
child. A comparison of related and unrelated control groups demonstrated no significant
differences in reported frequency of GI symptoms between the two groups (with the
exception of frequent vomiting in a small number of unrelated controls as a clear outlier).
Additionally, performing GEE analysis of binary outcome data allowed us to account for
within-family correlations that could have biased our results.

Importantly, our findings open up new avenues of investigation into pathophysiology of
CG and possibilities for therapeutic intervention. One potential explanation for increased GI
problems in CG is that defective glycosylation due to perturbation in UDP sugar substrate
pools might impact the mucosal layer of the gut, compromising gut barrier function and
potentially commensal bacterial population structure (reviewed in (Bergstrom and Xia 2013)).
A “leaky” gut, microbiome dysbiosis, or both, could help explain increased GI problems as
well as some of the other complications commonly seen in CG.

Importantly, diet also has a significant impact on establishment of the gut microbiome
(Albenberg and Wu 2014, David et al 2014), and the diet of infants and children with CG is
fundamentally altered because of restriction of galactose-containing foods. Deficiency of the
probiotic effect of milk and other dairy products alone could result in differences in the gut
microbiome between cases and controls. Perhaps the most appealing aspect of testing this
hypothesis is that it could offer opportunities for therapeutic intervention such as dietary

supplementation with appropriate probiotics.
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TABLES

Table 1: Odds ratios from logistic regression using generalized estimating equations (GEE)
to calculate odds of cases experiencing frequent symptoms compared to controls, with 95%
confidence intervals, p-values (* indicates after 10,000 permutations), and number of
observations included in model. Asterisk (*¥) indicates outcome was significantly higher among

cases.

Symptom (:.jfz::::’ 95% CI | p-value | N
Abdominal pain 2.1 0.8,5.4 0.17 360
Constipation* 45 18,115 | 0.0008~ | 362
Heartburn 12 0.5, 2.9 08 | 356
Nausea* 42 12,155 | 003~ | 356
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Table 2: Results of Fisher’s exact tests for association of <0.4% predicted residual GALT

activity (upper set of rows) or strict diet (lower set of rows) with frequent experience of GI

symptoms.

Association of 20.4% predicted residual GALT activity with
frequent experience of GI symptoms

Odds ratio 0
Symptom for >0.4% 95% CI | p-value | N
Constipation 0.2 0.005, 1.6 0.2 122
Nausea 0.8 0.02,7.4 1 118

Association of strict dietary galactose restriction in infancy

with frequent experience of GI symptoms

Odds ratio 0
Symptom for strict diet 95% CI | p-value [ N
Constipation 3.9 0.8, 38.3 0.1 112
Nausea 1.2 0.2, 8.4 1 109




SUPPLEMENTAL TABLES

Table S1: Summary of numbers of volunteers included in analyses

Analysis Groups | Total N
Case/control volunteers for whom we had Case 183
GI health outcome data Control 190
) . . = 0.4% 27
Predicted residual GALT activity = 04% 07
(of the 183 cases)
Unknown 59
Di . ction in inf Moderate 47
ietary galactose restriction in infancy Stict o
(of the 183 cases)
Unknown 69

41
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Table S2: Odds ratios, 95% confidence intervals (CI), and p-values (* = significant; © = p-
value after 10,000 permutations) for full and reduced logistic regression models using
case/control data in a generalized estimating equations framework. Variables included in the
reduced model are reported: 1=diagnosis, 2=age, 3=gender, 4=probiotic usage, 5=antibiotic

usage.

Symptom Model OR | 95% CI | p-value | N

) ) ful: 1 -5 | 2.7 [ 0.9,7.6 0.1
abdominal pain 360
reduced: 1,4 | 2.1 | 0.8,5.4 017

.. ful: 1-5 | 5.0 | 1.8,13.6 [ 0.002
constipation* 362
reduced: 1,4 | 4.5 | 1.8, 11.5 | 0.0008"

ful: 1 -5 1.1 [ 05,29 0.8
heartburn 356
reduced: 1,2 | 1.2 | 0.5,2.9 0.8

ful: 1 -5 54 | 1.4,20.0 0.03
nausea* 356
reduced: 1,5 4.2 | 1.2,15.5| 0.03"
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Table S3: Summary of probiotic or antibiotic usage in the prior 6 months among cases and

controls

Drug / supplement | Diagnosis | Answer | N %
yes 37 | 20.2

Case
Antibiotic no | 146|798
Control yes 48 | 25.3
no 142 | 74.7
yes 17 | 9.3

Case
Probiotic no | 166 190.7
Control yes 30 | 15.8
no 160 | 84.2




Table S4: Summary of GALT genotypes and predicted residual GALT activities for cases.

Predicted GALT activity for

First allele | Second allele e (U6 ki) N | %
5kb deletion 0 5 140

A320T 0.45 3 |24

D197G 16.6 1 108

E308K 62.1 1 108

E363F 35.1 1 1038

K285N 0 11 | 89

L195P 0.4 11 | 8.9

M142K 0 11038
Q188R Q188R 0 06 |53.2
Q344K 2.75 6 | 4.8

R148Q 0 11038

R201H 31.4 11038

R204X 0 2 | 106

R259W 0 11038

R333G 0.3 11038

R333W 0 11038

Y209C 6.8 11038

5kb deletion 0 1 108

D98N 9.55 1 108

K285N R148Q 0 2 |16
R204X 0 11038

Y209C 0.8 1 108

, 5kb deletion 0 1 108

5kb deletion

R231C 0 11038

M142K R259W 0 2 |16
TOTAL | 124 | 100

44
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Table S5: Distribution of predicted residual GALT activity levels among cases categorized

by rigor of dietary galactose restriction in infancy.

Rigor of dietary galactose . g o
restriction when <12 months old it indl CAILLT exiily D %
>0.4% 6 19.4
Moderate <0.4% 25 | 80.6
Strict >0.4% 11 22
<0.4% 39 78
>0.4% 10 23.3
Unknown <0.4% 33 | 76.7
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SUPPLEMENTAL FIGURES

Figure S1: The unadjusted overall percentage of cases (shaded bars) and controls (open bars)
reporting frequent experience of the indicated GI symptom is shown. Percentage and cohort
size are indicated above each bar. Of note, the exact cohort sizes vary slightly between
symptoms because of missing data in some survey responses. After adjusting for relevant
covariates, only constipation and nausea were significantly more likely to be experienced

frequently among cases.
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11.2%
of 178
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~
1
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% experiencing symptom frequently

o
1

1 1 1 1 1 1 1 1 1 1
Control Case Control Case Control Case Control Case Control Case
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Figure S2: The unadjusted overall percentage of cases reporting frequent GI symptoms
broken down by (A) level of predicted residual GALT activity (<0.4%, open bars; or =0.4%,
shaded bars) and (B) rigor of dietary galactose restriction in infancy, categorized as moderate
(restricting only milk/dairy and legumes, open bars) or strict (restricting milk/dairy, legumes,
and some fruits, vegetables, or other foods, shaded bars), is shown. Percentage and cohort size
are indicated above each bar. Of note, the exact cohort sizes vary slightly between symptoms

because of missing data in some survey responses.
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SUPPLEMENTAL FILE:

GASTROINTESTINAL HEALTH SURVEY

Generated on 2/19/2013 2:22:27 PM

INTRODUCTION
You, or your child, are being asked to participate as a study volunteer (or as a control) in a research
study of galactosemia. The following information is designed to help you decide whether or not you
want to consent (agree) to participate in this study. It is entirely vour choice; whether or not you
participate in this study will not change anything about your or yvour child's medical care or benefits.

If you decide to participate now yvou can also change your mind later and withdraw from this study
by sending a written note to the principle investigator of this study (contact information below).

Before making your decision:

* Please read this information carefully or have it read to you.

* If vou have questions please send an email to jfridov(@ emory.edu or telephone 404-727-3924 and a
member of our research team will respond.

You can print a copy of this consent form to keep. Feel free to take your time thinking about whether
or not you would like to participate. You may wish to discuss your decision with vour family or
friends. Do not give your consent if you have questions or concerns that have not been answered. By
giving your consent you will not give up any legal rights.

PROCEDURES
You will be asked to answer a short survey about your or yvour child’s gastrointestinal health. These
questions should take no more than about 10 minutes of your time to answer.

RISKS AND DISCOMFORTS
There are no physical risks or discomforts associated with participation in this study. There is a
chance that someone could learn something about you or yvour child that you did not want them to
know. However, we will do our best to protect your family's privacy. For more information you can
contact the principal investigator of this study (Judith Fridovich-Keil, PhD, TEL 404-727-3924,
EMAIL jfridov(@emory.edu).

BENEFITS
Although participation in this study may not directly help you or your family, the results of this
research will benefit future families whose infants are diagnosed with galactosemia.

CONFIDENTIALITY
We will not use or disclose information about you or your family in any ways other than the ways we
describe in this form, or as required by law. Certain offices and people other than members of our
research team may look at your information in our study records. For example, government agencies
and Emory employees overseeing proper study conduct may look at our records. These offices include
the Office for Human Research Protections, the Emory Institutional Review Board, and the Emory
Office of Research Compliance. Study sponsors may also look at our study records. We will keep our
research records, including any information received from you, as private as possible. For example, a
study number rather than your or your child's name will be used on study records wherever possible.
Your or your child's name and other identifying information will not appear when we present this
study or publish its results.
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Study records can be opened by court order. They may also be produced in response to a subpoena
or a legal request for production of documents.

Information collected for this study will not go into your or your child's medical records unless you
specifically ask us to forward the information to your doctor.

COSTS
It will not cost you or your insurance company any money to participate in this study.

WITHDRAWAL FROM THE STUDY
You have the right to leave this study at any time without penalty. If vou or your child wish to
withdraw from this study please send a written note to JL Fridovich-Keil, Emory University, Dept. of
Human Genetics, 615 Michael Street, Atlanta, GA 30322,

CONTACT INFORMATION
Contact the principal investigator: Judith Fridovich-Keil, PhD at 404-727-3924 or jfridov@emory.edu
+ if you have any questions or concerns about this study or yvour part in it,
+ if vou feel you or your child have been harmed in any way by participating in this study, or
* if vou have questions, concerns or complaints about the research.

Contact the Emory Institutional Review Board at 404-712-0720 or 877-503-9797 or irb@emory.edu
+ if you have questions about your rights as a research participant or

+ if you have questions, concerns or complaints about the research.

You may also let the IRB know about your experience as a research participant through our
Research Participant Survey at http://www.surveymonkey.com/s/6ZDMW?7S,

1. Do vou agree to participate in this study?

ves 8]

no [0}



50

The purpose of this form is to collect information about the gastrointestinal (GI) health of
volunteers and controls who have enrolled in our research study '""Bases of Pathophysiology and
Modifiers of Outcome in Galactosemia' (Emory IRB£00024933, formerly #618-99). The goal of this
part of our study is to learn whether children and adults with classic galactosemia are at increased
risk for GI disturbances compared with unaffected controls, and also to explore whether there may
be some relationship between GI status and other symptoms or outcomes of galactosemia.

If you have questions or concerns, please contact Dr. Judy Fridovich-Keil at 404-727-3924 or
jfridovi@emory.edu

If you are taking this survey in hardcopy format (printed on paper) please return the completed
survey, with any other requested information, to JL Fridovich-Keil PhD, Emory University School of
Medicine, Dept. of Human Genetics, Room 325.2 Whitehead Bldg, 615 Michael St., Atlanta, GA
30322 (FAX 404-727-3949). You may also return your completed survey as a scanned PDF or JPG
attachment to jfridovi@emory.edu

Thank you se much!

2. Volunteer's name:

volunteer's full name

3. Date of birth:

4. Diagnosis:

classic galactosemia (0]
control (0]
other (explain) (0]

5. Gender

Male (o]

Female

6. Racial Group

White not of Hispanic origin
White of Hispanic origin
Black not of Hispanic origin
Black of Hispanic origin
Asian/Pacific Islander
Mixed

Other

o o 0 0

7. Today's Date

8. Related to another study volunteer?



No ]
Yes (please explain) (o]

9. Name of person filling out this form

10. Email address

11. Telephone number

12. Relationship to volunteer

13. Contact information for volunteer/family

Email

Address line 1

Address line 2

City

State

Postal Code

Country

Telephone (if different from above)

51



14. Is the volunteer currently on a galactose-related diet?

no 0
yes 8]

15. If ves, which of the following are currently restricted/limited?

milk and milk-contaming items [ ]
like vogurt, soft cheeses. pudding

aged hard cheeses, like parmesan [ ]

tomatoes, tomato sauce, and [1
ketchup

legumes [1
fruat (blueberries, strawbernes. [1

grapes. and kiwis)

other (please explain) [1

16. Besides galactose, does the volunteer have any other known food sensitivities/allergies?

no Q

yes 0

17. To which foods?

52
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18. Has the volunteer taken probiotic supplements (not including yogurt) in the past six months?
Examples of probiotics include Align, Culturelle, generic Lactobacillus, Acidophilus, or

Bifidobacterium supplements.

no o
ves 0
19. Please list probiotics taken, approximate dates of use, and reason each probiotic was taken. If you

need more space, please list additional probiotics or notes in the large text field below.

Probiotic 1

Approximate dates of use

Reason probiotic 1 was taken

Probiotic 2

Approximate dates of use

Reason probiotic 2 was taken

Additional probiotic usage or
notes

20. Has the volunteer taken antibiotics in the past six months?
no o
yes 8]

21. Please list antibiotics taken, approximate dates of use, and the reason each antibiotic was
prescribed. If you need more space, please list additional antibiotics or notes in the large text field

below.,

Antibiotic 1

Approximate dates of use

Reason antibiotic 1 was prescribed
Antibiotic 2

Approximate dates of use

Reason antibiotic 2 was prescribed

Additional antibiotic usage or
notes
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22, Has the volunteer ever been diagnosed with any of the following conditions (check all that apply)?

Gastroesophageal reflux disease [1
(GERD)

Gastroenteritis [1
GI bleeding [1
Appendicitis [1
Colitis [1
Trritable bowel syndrome or [1
disease (IBS or IBD)

Crohn&#39:s disease [1
Gallstones [1
Pancreatitis [1
Peptic ulcer disease (PUD) [1

Liver disease (cirrhosis, end-stage [ ]
liver disease)

Diverticulitis [1
Celiac disease [1

23. At what age(s) was the volunteer diagnosed?

24. Please describe any treatments used by the volunteer to manage these condition(s), including
medications, supplements, procedures, and/or dietary modifications.

25. In the past year, how often has the volunteer experienced any the following conditions?

never less than once a at least once a weekly daily
month month

Abdominal pain 0 (0] 0] (0] (0]
Bleeding gums 0 o] (0] (0] (o]
Constipation 0 (o] (o] (o] (o]
(defined as bowel
movements that are
hard to pass or more
than three days
apart)
Dharrhea (loose or (8] 0 (e} (o] (o]
watery stools)
Heartbum O (o] (o] (o] (o]
Nausea 0 0 9] 8] 8]
Vomiting 0 o] 4] (0] (0]




26. Do these problems occur:

Before meals
During meals

After meals

After consumption of specific

foods
other (please specify)

27. How often does the volunteer take the following medications/supplements?

never less than once a at least once a weekly daily
month month
antacids 0 (0] (o] o] 0
laxatives 0 (0] (o] o] (o]
fiber supplements 0 (0] (0] (0] (0]

28. How often does the volunteer move his/her bowels?

less than once a week
at least once a week
every few days

at least once a day

other -- please explain

29, Using the chart above, please select the choice that best represents the volunteer's most frequent

stool type:

Type 1
Type 2
Type 3
Type 4
Type 5
Type 6
Type 7

o o o0

o 0 0 0 0 0 0

30. What is the volunteer's next most frequent stool type?

Type 1
Type 2
Type 3
Type 4
Type 5

oo o oo




Type 6 8]
Type 7 ]

31. Isthere anything else you would like to tell us?

THANK YOU

Please click the "Submit form" button below to save your responses and exit the survey.

56
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CHAPTER III. Genetic variants and pathways implicated in a pediatric
inflammatory bowel disease cohort

Coauthors: David ]. Cutler, David Okou, Michael P. Epstein, Anne Dodd, Jennifer G.
Mulle, Lee A. Denson, Subra Kugathasan, Michael E. Zwick

ABSTRACT

Background and aims: The two most common forms of inflammatory bowel disease
(IBD) are Crohn’s disease (CD) and ulcerative colitis (UC). CD and UC are severe chronic
diseases characterized by relapsing-remitting gastrointestinal inflammation. Around 5% of
existing IBD cases in the United States are patients under the age of 20. Studies of these
pediatric cohorts can provide unique insights into the genetic architecture of IBD. Large
genome-wide association studies of IBD have found more than 200 loci associated with
disease but explain only 13.1% of variance in disease liability for CD and 8.2% for UC. In
addition to environmental factors, other types of genetic variation such as rare variants likely
contribute to disease development.

Methods: We compared exome sequencing of 368 pediatric IBD patients to publicly
available exome sequencing (dbGaP) and aggregate frequency data (ExAC). With dbGaP
data we performed logistic regression with common variants and optimal unified association
tests (SKAT-O) for rare variants with combined annotation dependent depletion score >10.
We compared rare variants in our data to ExAC with Fisher exact tests. We then did
pathway enrichment analysis on the most significant genes from each comparison.

Results: Many common and rare variants overlapped with known IBD-associated genes
(e.g. NOD2, CARDY). Rare variants were enriched in loci associated with CD (p=0.003) and

showed a suggestive enrichment in neutrophil genes (p=0.08). Pathway enrichment analysis
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implicated many immune-related pathways consistent with our understanding of IBD,
especially those involved in cell killing and apoptosis.
Conclusions: Our rare variant findings underscore the importance of genes involved in

immune responses in the etiology of inflammatory bowel disease.

INTRODUCTION

Inflammatory bowel disease (IBD) is a disorder characterized by chronic remitting and
relapsing gastrointestinal inflammation. The two most common forms of IBD, Crohn’s
disease (CD) and ulcerative colitis (UC), are most frequently diagnosed in young adults 20-29
years old'. However, IBD also frequently occurs in childhood and eatly adolescence. In the
United States (US), the prevalence of IBD for children (<20 years old) was estimated to be
92 cases per 100,000 in 2009, accounting for approximately 5% of prevalent cases™
Increasing prevalence” and rates of hospitalization® for pediatric IBD have been observed in
the US, mirroring the trend of increasing IBD incidence in both pediatric* and adult'
populations worldwide.

IBD most frequently presents with abdominal pain and/or diatrhea, but other
gastrointestinal symptoms like loss of appetite, nausea, and vomiting may also occur. One
large study of 1009 pediatric IBD patients found that 17% presented with at least one
extraintestinal manifestation (EIM) such as arthralgia, ankylosing spondylitis, arthritis,
erythema nodosum, uveitis, or pancreatitis, with a 33% cumulative probability of
experiencing an EIM over four years’. Pediatric patients can also experience disease-related
growth impairment which is sometimes not recovered even with treatment for IBD®".

Because IBD is a chronic disease, pediatric patients may also face years of medication, a high
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probability of surgery, and surveillance colonoscopy. For these reasons, better understanding
of disease etiology and progression in this group is vital.

IBD is thought to have a strong genetic component, since family history of IBD is the
greatest risk factor for disease at all ages. IBD patients with a family history of disease often
present at a younger age® ", are more likely to expetrience EIM®, have perforating disease,
and require longer follow-up compared to patients without family history®’, likely reflecting
an increased genetic liability to disease. Genetic analyses of pediatric cohorts are therefore
useful in exploring genetic architecture of IBD.

Large genome-wide association studies (GWAS) of IBD have found more than 200
common loci associated with disease'"'>. Pathway analysis of associated loci has found an
enrichment of immune system genes, especially those related to host response to microbes,
and a great deal of overlap with other immune diseases'". Findings of studies of common
variation in pediatric IBD cohorts generally echo findings in adult populations. One study of
greater than 1,000 pediatric-onset IBD cases and 1,600 controls found slightly increased
odds ratios for risk alleles also found in adult populations (including the well-known NOD2),
and greater burden of these common variants was weakly correlated with earlier age of onset
in Crohn’s disease".

A small proportion of disease liability has been explained by common variants in IBD—
13.1% in CD and 8.2% in UC'"—but the contribution of rare variants has not been assessed.
This class of genetic variation is important because explosive growth of the human
population in recent history has led to a corresponding excess of rare alleles', and most
variants in protein-coding sequence are at low frequency'>™"". The availability of public data
sets allows us to compare whole exome sequencing (WES) of a pediatric IBD cohort to

other WES data™ and to large databases containing population allele frequency
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information'™"’. We can further look at pathways implicated by genes annotated to these rare

variants.

METHODS
Ethical approval and recruitment of study participants

Subjects for whole exome sequencing (WES) were selected from patients enrolled in the
CCFA sponsored RISK cohort study and the NIH sponsored Emory African-American
gene discovery study, for whom DNA had already been collected. RISK is the largest
pediatric CD inception cohort in the world, with 1,813 subjects younger than 18 years old
with suspected IBD enrolled at 28 North American sites, including Emory University, from
November 2008 to June 2012 (ClinicalTrials.gov Identifier: NCT00790543). All patients
underwent baseline colonoscopy and histological confirmation of chronic active colitis/ileitis
prior to diagnosis and treatment. Once standard and published guidelines were met, patients
were diagnosed with CD, UC or inflammatory bowel disease-undetermined (IBD-U). A
consistent diagnosis of IBD was required during the one-year follow-up for inclusion into
this study. At enrollment and during ongoing prospective follow-up, clinical and laboratory
data were obtained for each enrolled patient and submitted to a centralized data management
center. All patients were managed according to the dictates of their physicians, not by
standardized protocols. The patient-based studies were approved by the Institutional Review
Boards at each of the RISK sites. Consent was obtained from parents and adult subjects and

assent from pediatric subjects age 11 and above.

Emory case sample collection, processing and exome sequencing
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Genomic DNA was extracted from whole blood for a total of 567 early onset IBD
samples, of which 553 (97.5 %) passed DNA QC. Library preparation and sequencing of the
samples were performed at Broad Institute's Genomics Platform, Cambridge, USA. The
libraries were prepared according to the manufacturer instructions using 1 pug of input DNA
per sample. DNA was subjected to whole exome capture with the SureSelect Human All
Exon 50-Mb Kit (Agilent Technologies) following standard protocols. Library validation was
done with the KAPA Library Quantification Kit (IKAPA Biosystems) and the whole exome
capture libraries were then sequenced on the Illumina HiSeq platform according to standard

protocols.

Publicly available datasets

Database of genotypes and phenotypes (dbGaP)"® data: We identified and downloaded control
data from the Epi4K (accession phs000653.v2.p1) and ARRA (accession phs000298.v3.p2)
studies. SRA files were converted to fastq format using NCBI’s SRA Toolkit™.

Exome Aggregation Consortium (ExAC) (bttp:/ ] exac.broadinstitute.org/ )" data (version 0.3.1):
For this publicly available data set containing information on 60,706 individuals, we used
lifttOver to map all sites to hg38 for comparison with our data. We summed minor and total
allele counts for the American, Finnish, and non-Finnish European groups and required a
site to be typed in >90% of total chromosomes for these groups (at least 76,438 out of

84,930 chromosomes) for inclusion.

dbGaP (raw whole exome sequencing) analysis
We mapped Emory and dbGaP exome sequencing fastq files to hg38 using PEMapper

and called variants using PECaller”. We then used SeqAnt™ version 2.0 (Beta 3,
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https://seqant.genetics.emory.edu/) to get rsID numbers for plink and other annotation
information for later analysis.

All following variant quality control (QC) was performed in PLINK 1.9**. Starting
with 866,411 variants in 1,035 controls and 541 cases diagnosed with IBD before age 18, we
filtered samples and variants using increasingly stringent completeness criteria until
information for all remaining variants and samples was 99% complete. For each study
individually IBD, ARRA, Epi4k), we removed sites that were Bonferroni significant in a
Hardy-Weinberg equilibrium test. We then performed a sex check of samples. Cases were
removed if their sex was discordant with record review (N=9); other mislabeled sexes were
corrected. We checked sample relatedness and removed 8 controls and 10 cases who were
2" degree or more closely related to another study participant. Table 1A shows
characteristics for the 517 remaining IBD patients who passed this first round of quality
control.

To adjust for population stratification in our sample we used 10,913 common (minor
allele frequency, a.k.a. MAF>0.05) SNPs to calculate principal components (PCs) using
EIGENSTRAT?® and anchoring with HapMap controls as described by Anderson et al”
(Supplemental Figure 1A). We removed outliers (those with values greater or less than 3
standard deviations away from the mean) for any of the top 7 principal components (those
which appeared meaningful with eigenvalues>2), recalculated principal components, and
repeated outlier filtering with 4 meaningful PCs, leaving us with a final data set of 625
controls and 368 cases (Supplemental Figure 1B; Table 1B shows basic characteristics for
these participants). PCs were recalculated again without HapMap samples (Supplemental
Figure 1C) and the four principal components significant by Tracy-Widom tests were used as

covariates in regressions.
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As an additional filter, we removed variants that were most significantly different (top
2.5%) in Fisher’s exact tests comparing our dbGaP controls to ExAC.

Common variant analysis: We performed logistic regression for sites with MAF>0.05 in
plink with case/control status as outcome, genotype as predictor of interest, and sex and
PCs as covariates. P-values were corrected with genomic control.

SKAT-O analysis: We used SKAT-O* in R¥, which performs optimized association
tests unifying burden test and sequence kernel association test (SKAT) approaches, to
analyze genes annotated to sites with MAF<0.05 and evidence of evolutionary conservation
with combined annotation dependent depletion score (CADD) score>10. We tested for
enrichment of variants in genes for any gene with 5 or more rare variants. We also lifted over
loci associated with IBD from Jostins et al. 2012 and Liu et al. 2015" to hg38, yielding 201
loci, and tested for enrichment of rare variants 250kb upstream or downstream of CD, UC,
or IBD loci as groups (Supplemental Table 1). We also examined whether these variants

were enriched in a list of important neutrophil genes (Supplemental Table 2).

ExAC (aggregate allele count) analysis

Rare variant analysis: Using the same set of variants as in the dbGaP analysis (with sites
most significantly different between dbGaP and ExAC filtered out), we used Fisher’s exact
tests to compare rare variant sites (MAF<0.05) between our IBD cases and ExAC. Genomic

control was used to correct p-values.

Pathway enrichment analysis
To test for pathway enrichment, we used the ClueGO plugin version 2.3.2 for Cytoscape

version 3.4.0. We performed right-sided hypergeometric tests for enrichment of level 3 to 8



64

biological process GO terms (using the Human GO database from January 25, 2017) with
Benjamini-Hochberg p-value correction for multiple tests. GO Term Fusion was used to
reduce pathway redundancy. For common and rare variants, the top 200 most significant

genes were used to interrogate pathway enrichment in our sample.

RESULTS
Common variants (MAF>0.05)

Though no sites reached genome-wide significance after genomic control (p<2E-00,
Figure 1 and Table 2), 14 out of the top 20 significant sites with MAF>0.05 in our logistic
regression were near known CD- or IBD-associated loci. Nine variants are around the locus
containing CARDY, a gene associated with both CD and UC, and three variants were near
the locus containing CD-associated NODZ2. Two protective variants also appeared at other
CD loci in ADAM30 and NOTCH?Z. Genes annotated to the top 20 sites that also appeared
in our list of genes involved in neutrophil function included NOD2, CARDY, and SNAPCH.

Pathway enrichment: Many of the pathways implicated by the top 200 most significant
annotated genes were immune-related (Table 3 and Figure 2). The largest network of
significant GO terms included regulation of cell killing, natural killer cell mediated
cytotoxicity, leukocyte mediated immunity, leukocyte apoptotic process, lymphocyte
proliferation, and production of interferon-gamma and tumor necrosis factor. Other
pathways with the same theme of cell killing included positive regulation of apoptotic cell
clearance, regulation of complement activation, and cysteine-type endopeptidase activity
involved in apoptotic process. Development of muscle cells and neural crest cells, along with

Ras signaling, were also implicated.
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Rare variants (MAF<0.05)

SKAT-O analysis of dbGaP analysis rare variants: The only genome-wide significant gene
(p<2E-05) was the well-known NOD2Z (Table 4A). When we tested enrichment of variants
in loci associated with IBD, the only significant list was the Crohn’s-disease associated loci
(p=0.002, Table 4B). We also found a suggestive relationship between case status and rare
variants in neutrophil genes (p=0.08, Table 4C).

ExAC rare variant analysis: Using the carefully QC-ed list of coordinates from our dbGaP
filtering and a minor allele frequency cutoff of less than 0.05, three sites were genome-wide
significant (p<6E-07) including one annotated to NODZ2. Two other of the top 20 most
significant variants were annotated to known IBD loci: one other in NODZ2 and one in
D2HGDH. Of our list of neutrophil genes, in addition to NODZ2 we found two variants in
PCDHAT among the top 20 most significant rare variants.

Pathway enrichment: The top 200 most significant genes in our list of rare variants were
enriched in a few pathways (Table 7 and Figure 3). Immune-related hits included negative
regulation of the JAK-STAT cascade and modulation by host of viral transcription. Genes
involved in ion transmembrane transport and negative regulation of axon extension were

also significant.

DISCUSSION

Our findings did echo important aspects of previous genetic and pathway enrichment
analyses. Crohn’s-disease-associated loci had a strong showing in our results; two variants in
NOD2 were the most significant in our dbGaP common variant analysis, and 1 site was
significant in our ExAC rare variant analysis. NODZ also emerged as significant in our gene-

level SKAT-O analysis, and CD-associated genes as a group were also significant. This is not
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unexpected since the majority of our cohort was Crohn’s patients. Of the top 20 most
significant common variants, 9 were within a single 100kb region around CARDY
(Supplemental Figure 3), a gene that has long been associated with IBD. This entire region
looks equally associated with disease (OR ~1.5) in our cohort, reflecting that deep
sequencing still can’t solve problems regarding fine mapping of causative variants without
sufficient recombination.

We also found intriguing variants in genes not yet associated with IBD. KRTDAP, one
of our top common variant findings, is involved in keratinocyte differentiation.
Keratinocytes are the most abundant component of the epidermis, at the interface between
the body and environment. Capable of producing cytokines, these cells play an important
role in immunomodulation, and overactivation or defects in that role could contribute to
systemic inflammation.

LAMAS5, another top hit in our common variant analysis, encodes a subunit of laminin.
Laminins are extracellular matrix proteins which are a major component of the basement
membrane, a matrix of tissue that separates the epithelium, mesothelium, and endothelium
from underlying connective tissue. Because of the important role of laminins in the integrity
of this layer, there could be a role for I.AM.A5 in IBD pathogenesis. One study of
transgenic mice overexpressing the [.4N.45 mouse homolog found an attenuated response
to DSS-induced inflammation™. The two most significant genes in our SKAT-O rare variant
analysis after NOD2, 1'IV.A42 and HAPL.IN3, are also components of the extracellular matrix.
The location and functions of the products of these genes are also linked to integtins, which
have recently emerged in large IBD GWAS™. Further studies should be conducted to
investigate the possibly interconnected roles of these extracellular matrix proteins in disease

etiology.
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We were additionally interested in testing enrichment of rare variants in neutrophil genes
because children with inherited disorders of phagocyte function exhibit chronic intestinal
inflammation similar to CD during the first decade of life’*”. Similatly, loss of function in
neutrophil antimicrobial pathways could be one mechanism of pediatric CD pathogenesis.
Though we did not find a significant association, we did find a suggestive relationship in
SKAT-O between rare variants in genes involved in neutrophil function and case status
(p=0.08). Positive regulation of leukocyte-mediated immunity was also one of the most
significant pathways in our common variant analysis, supporting further study into the role
of neutrophils in IBD.

Another important component of the immune system from our pathway analysis was
complement; mutations in C2, C3, and CFB were among the top 200 most significant
common variants associated with disease in our cohort. Though research into the role of
complement has been somewhat lacking, evidence is growing for its potential relevance in
disease pathophysiology (reviewed in **). A closely related theme, apoptosis, also appeared in
several other significant pathways.

Ras signaling also emerged as a pathway of interest in our common variant analysis, and
SOS7, one of the top hits in our rare variant SKAT-O analysis, is also a guanine nucleotide
exchange factor for RAS proteins. In fact, this pathway was previously implicated by a large
study drawing from over 30,000 cases and 50,000 controls in contributing to IBD etiology as
part of growth factor signaling”. Because growth factor deficiencies have been found in
patients with IBD, there has been substantial interest in their use as a potential therapeutic
agent (reviewed in ). Other current targets of therapy that emerged in our analysis include
interferon-gamma, a pro-inflammatory cytokine involved in intestinal homeostasis and

linked to regulation of 11.-23"", another cytokine associated not only with IBD but other
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inflammatory diseases. In our rare variant analysis, we found negative regulation of the JAK-
STAT cascade, another important inflaimmatory pathway targeted by recent therapies™
which underscores the importance of neutrophil involvement in disease.

The primary limitation of this study is the lack of in-house controls for comparison to
our cases. However, we performed stringent QC of our data to filter differences between
data sets. We used the same processing pipeline for dbGaP as we used for our case data, and
filtered to an ancestrally similar population. However, systematic calling differences between
our pipeline and ExAC, such as calling or filtering of indels, could still be leading to inflation
of p-values and odds ratios in our rare variant analysis.

While large genome-wide association studies have been performed in IBD, our study is
the first to specifically investigate the contribution of rare, likely-damaging variants in
pediatric-onset disease. Our findings provide further targets for exploring disease etiology—
both at the gene and pathway level. Better understanding of the genetic architecture of IBD

can hopefully improve disease prediction treatment.
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TABLES

Table 1A. Basic characteristics of all IBD samples with exome sequencing data used in

analysis.

Range 0-17
Age at
. gea ) Median 8
diagnosis
Mean 7.5
Female 215 (42%)
Gender
Male 302 (58%)
CD 395 (76%)
Diagnosis ucC 89 (17%)
IBD-other 33 (6%)
African-American 83 (16%)
Self-identified Caucasian 360 (70%)
race Other 30 (6%)

Not recorded

44 (9%)
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Table 1B. Basic characteristics of samples with exome sequencing data used in analysis.

Hyphen indicates not applicable.

other

IBD cases ARRA controls Epidk controls
of European of European of European
ancestry ancestry ancestry
Range 0-17 18-84 Ages not provided,
ég.e at. Median g 51 but controls wete
participation parents of children
Mean 7.3 52 with epilepsy
Female 152 (41%) 118 (56%) 223 (53%)
Gender
Male 216 (59%) 91 (44%) 199 (47%)
CD 281 (76%) - -
0 _ -
Diagnosis ve o1 d7%)
1BD- 26 (7%) i i




Table 2. Top 20 most significant loci found in our common variant logistic regression. Hyphens indicate not applicable or no.

Chrom | Position ID Alt | OR Gene s ||, Neut
Diagnosis, Study | gene list
chrl6 | 50711288 | £s2066843 | T | 1.6 NOD2 1E-05 CD, Jostins Yes
chrl6 | 50710713 | rs2066842 | T | 1.6 NOD2 1E-05 CD, Jostins Yes
chr9 | 136371953 | 1510781499 | A | 1.5 CARDY 3E-05 IBD, Jostins Yes
chr19 | 35488794 |1rs10410228 | T | 1.7 | KRTDAP | 3B-05 i ]
chr20 | 62346665 | 156143036 | A | 1.6 |  LAMAS 4B-05 ] ]
chrl | 119895261 | rs2641348 | G | 0.5 | ADAM30 | 4E-05 CD, Jostins ]
chrl | 119915381 | 6685892 | T | 0.5 | NOTCH2 | 5E-05 CD, Jostins ;
cht9 | 136372044 | 14077515 | T | 1.5 CARDY 6E-05 IBD, Jostins Yes
chrl6 | 50675812 | 156596 | A | 1.6 SNIX20 6E-05 CD, Jostins ]
chr9 | 136395373 | 14266763 | G | 1.5 | SNAPC4 6E-05 IBD, Jostins Yes
cht9 | 136380752 | 153812570 | € | 15 | SNAPC4 8E-05 IBD, Jostins Yes
chr9 | 136380842 | 13812571 | ¢ | 1.5 | SNAPC4 8E-05 IBD, Jostins Yes
chr9 | 136384721 | 110781510 | A | 1.5 | SNAPC4 1E-04 IBD, Jostins Yes
chr9 | 136404141 | 11051957 | G | 1.5 | SDCCAG3 | 2E-04 IBD, Jostins ;
chr9 | 136477334 | 16560632 | ¢ | 1.4 |  SEC16A 3E-04 IBD, Jostins ;
chr9 | 136432987 | 1510781542 | G | 1.4 | INPPSE 3E-04 IBD, Jostins ]
chr21 | 46246830 | 1517183220 | T | 0.44 | MCM3AP-AS1 | 4E-04 i ;
chrl3 | 24799377 | 1512865323 | C | 1.6 RNF17 5E-04 ] ;
chr5 | 78885600 | rs1071598 | T | 1.6 ARSB 6E-04 ] ]
chr8 | 143867013 | 17839934 | C | 1.4 EPPK1 6E-04 ] ]
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Table 3. Significantly enriched pathways in the top 200 most significant genes in our common variant (dbGaP) analysis.

GO ID GO Term % pathway p-value Genes Found
GO:0001578 microtubule bundle formation 6 0.006 [CEDCA40, DNAHS, MAPIB, RP1LL,
SPAG10]

) . i . . . [C3, HLA-A, 112, LILRB1, NOD?2,
GO:0002703 regulation of leukocyte mediated immunity 4.3 0.007 RASGRP1, SERPINB4|

) . . . . . [C3, HLA-A, 112, NOD2,
GO:0002705 | positive regulation of leukocyte mediated immunity 5.6 0.006 RASGRP1]
GO:0010927 cellular component assembly involved in 50 0.007 [ANK2, DAG1, FHOD3, IGSF22,

morphogenesis MYPN]
GO0:0014032 neural crest cell development 6.7 0.007 [ERBB4, JAG1, LAMAS5, RET]
G0:0014902 myotube differentiation 4.3 0.01 [GPX1, NOS1, RYR1, TANCI1, XK]
G0O:0030449 regulation of complement activation 7.9 0.01 [C2, C3, CFB]

) . . [HLA-A, IL11, LILRB1, RASGRP1,
G0O:0031341 regulation of cell killing 8.1 0.003 SERPINB4|
G0O:0032649 regulation of interferon-gamma production 4.2 0.02 [HLA-A, IL2, LILRB1, RASGRP1]
GO:0032760 positive regulation of tumor necrosis factor 5.1 0.02 [CARDY, NOD2, RASGRP1]

production

) . . . - [HLA-A, LILRB1, RASGRP1,
GO:0042269 | regulation of natural killer cell mediated cytotoxicity 121 0.003 SERPINBA]
GO:0043154 | Degative regulation of cysteine-type endopeptidase 43 0.02 [ARRB1, GPI, GPX1, RPS6KAL]

activity involved in apoptotic process
GO:0045214 sarcomere organization 6.8 0.02 [FHOD3, IGSF22, MYPN]
. lai R 1 sional
GO:0046579 posttive reguiation Of 1as protein signa 5.7 0.02 [ARRB1, NOTCH2, RASGRP1]
transduction
GO:0048747 muscle fiber development 6.8 0.008 [GPX1, MYPN, RYR1, XK]
GO:0050672 negative regulation of lymphocyte proliferation 4.4 0.03 [1L2, KIAA0922, LILRB1]

) [ANK2, FHOD3, GPX1, IGSF22,
GO:0055001 muscle cell development 4.2 0.006 MYPN, RYR1, XK]
G0O:2000106 regulation of leukocyte apoptotic process 4.5 0.02 [IL2, LILRB1, NOD2, TP53BP1]
GO:2000427 positive regulation of apoptotic cell clearance 33.3 0.002 [C2, C3, CCL2]
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Table 4A. Top 15 results from SKAT-O analysis of enrichment of rare, conserved

(CADD>10) variants in all genes.

SetID p-value | N Variants

NOD2 | 8.4E-12 15
VWA2 0.0006 7
HAPLN3 | 0.0008 5
LMF1 0.002 5
SOS1 0.002 5
MAGI2 0.002 7
SRRM2 0.002 13

RGS12 0.003 10
SCAF4 0.003 5
STARD13 | 0.004 8
RHPN2 0.005 6
D2HGDH | 0.005 6
G6PC2 0.005 6
NR4A1 0.005 5
EFEMP2 | 0.006 5
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Table 4B. SKAT-O analysis for enrichment of rare variants with CADD scores>10 in loci

associated with Crohn’s disease (CD), inflammatory bowel disease (IBD), or ulcerative colitis

Q.

SetID | p-value | N Variants
CD 0.003 497
IBD 0.9 1782
ucC 0.5 428

Table 4C. SKAT-O analysis for enrichment of rare, conserved variants in neutrophil genes

(NEUT).

SetID

p-value

N Variants

NEUT

0.08

3334




Table 5. Top 20 most significant sites in our rare variant Fisher’s exact tests. Hyphens indicate not applicable or no.

79

Assoc Neut
Chrom Pos ID Alt Type OR | Gene |p-value e gt Sardy e

list
chrll 294540 chr11_294540 GC INS 123 ATHLI1 6E-10 - -

chr16 50729867 rs796661546 GC INS 44 NOD2 6E-10 CD, Jostins Yes
chr8 100712766 | cht8_100712766 | CA INS 34 PABPC1 6E-10 - -
chr9 101390469 | cht9_101390469 | GTA INS 173 | MRPL50 1E-06 - -
chr21 44573789 rs9977039 G SNP 5.8 | TSPEAR 7E-06 - -
chr10 | 29462394 | chr10_29462394 | AT INS Inf | SVIL-AS1 1E-05 - -

chrl6 50722629 rs2066845 C MULTIALL. | 3.4 NOD2 3E-05 CD, Jostins Yes
chr4 56964497 rs17087307 C SNP 0.34 NOA1 4B-05 - -
chr7 72713798 rs146095374 A SNP 026 [ TYWIB 5E-05 - -

chr5 140822334 rs61730632 A SNP 2.8 [ PCDHA1 6E-05 - Yes
chrl4 73953419 8778985097 AT INS 10 COQo6 8E-05 - -

chr5 140875534 | 15114654172 G SNP 2.7 | PCDHA1 1E-04 - Yes
chrll 5544676 rs7934354 G SNP 0.18 [ OR52H1 1E-04 - -
chr6 31960262 rs11541400 G SNP 52 SKIV2L 2E-04 - -
chr6 31728544 rs139006870 A SNP 52 | DDAH2 2E-04 - -
chrl5 49588022 | chr15_49588022 | CT INS Inf | FAM227B | 2E-04 - -
chr3 51995472 rs371570896 A SNP 77 RPL29 3E-04 - -
chr2 241767780 rs143940595 A SNP 0 | D2HGDH | 3E-04 CD, Liu -
chr2 20034361 rs145912850 A SNP 0.06 | LAPTM4A | 4E-04 - -
chr3 114079955 rs772016664 G SNP 348 | QTRTID1 4B-04 - -
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Table 6. Significantly enriched pathways using the list of the top 200 most significant genes

in our ExAC rare variant analysis.

0
GO ID GO Term /o p-value Genes Found
pathway
_ negative regulation of [BCL11A, RTN4R,
GO0030517 axon extension 12 0.004 SEMAS5A]
GO:0043921 moc'iulatlon b}f h(')St of 12 0.004 [HMGA2, POU2F3,
viral transcription PSG1]
' negative regulation of [HMGAZ2, RTN4R,
GO:0046426 JAK-STAT cascade >8 0.02 RTN4RI.2]
oroani ; [ABCB11, ANKH,
GO0098661 | rzo fﬁ? ;artlrog |48 0.008 | CLCNG6, CLCNKB,
ansmembrane transpo SLC12A6, SLC26A2]
chloride transmembrane [CLCNG, CLCNKB,
GO:1902476 transport 43 0.02 SLC12A6, SLC26A2]




FIGURES

Figure 1. Q-Q plot of p-values from logistic regression (with significant principal
components and sex as covariates) comparing frequency of exome sequencing common

variants in pediatric IBD cases to controls from dbGaP.
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Figure 2. Pathway enrichment of the genes annotated to the top 200 most significant common variants tested in our logistic regression.
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Figure 3. Pathway enrichment of the genes annotated to the top 200 most significant rare variants tested in our rare variant analysis.
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SUPPLEMENTAL TABLES

Supplemental Table 1. List of IBD-associated loci used in analysis.
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Supplemental Table 2. List of genes involved in neutrophil function.

AATF
ABCB1
ABCD4
ABCG1
ABCG5

ABR
ACE
ACP5
ACTLOA
ADAM10
ADAM17
ADORA3

AGA

AGR2

AGT
AGTR1
AIFM1

AK2
ALOX12
ALOX15

ALOX5
ALOX5AP
AMICA1
AMPD3
ANK1
ANXA1
ANXA3
AP3Bl1
ARHGAP15
ARHGDIA
ARHGEF1
ARHGEF4
ARHGEF5
ARID4A
ARNTL
ASXL1
ATP7B
ATRX
AZU1
B4GALT1
BACH2
BAG3

BCL2A1
BCL2L11
BCLo6
BCL6B
BCR
BLNK
BPI
BRCA2
BTK
C3
C3AR1
C4A
C4B
C5AR1
CAMKI1D
CAMP
CAPG
CASP1
CASP10
CASP4
CASPS8
CAV1
CCL11
CCL13
CCL3L3
CCR1
CCR2
CCR3
CCR4
CD101
CD14
CD19
CD28
CD300A
CD300LB
CD34
CD3E
CD40
CD40LG
CD44
CD47
CD69

CD79A
CD93
CD97
CDH5

CEBPA

CEBPE

CERK

CFLAR

CHI3L1

CHRNA7

CHUK

CIITA
CISH

CLCA1

CLCN3

CLEC4E
CLECO6A
CLEC7A
CMKLR1
CNN2
COL1A1
CPA3
CR1
CR2
CREBBP
CSF1

CSF1R

CSF2
CSF2RA
CSF2RB

CSF3

CSF3R

CTNNB1

CTSC

CTSE

CTSG
CTSS

CTTN

CXCL12
CXCL6
CXCR2
CXCR4

CYB5R4
CYBA
CYBB

CYP1A1
DBA2

DCC
DDX58
DEFA1

DEFA1B

DEFA3

DEFA4

DIAPHI1

DIDO1
DMD

DOCK2

DOK1
DOK2

DOTI1L
DSG3

DUOX1

DUOX2

DUSP1
E2F4

EDIL3
EDN1
EGFR
EGR1
EIF2AK3
ELANE
ELMOD1
ENTPD1
EP300
ESR2
ETV6
F2RL1
I3
FAM104A

FANCA

FANCB

FANCC

FANCD2

FANCE

FANCF
FANCG
FAS
FASLG
FASTK
FBN1
FBX1.4
FCAR
FCER1A
FCER1G
FCGR1A
FCGR2A
FCGR2B
FCGR3A
FCGR3B
FES
FFAR2
FGG
FGR
FHIT
FLI1
FLOT1
FLT3
FLT3LG
FMO3
FOXNI1
FOXP3
FPR1
FPR2
FTCD
FUT4
FUT7
FZD9
G6PC3
GOPT1
GAB2
GADDA45A
GALNT1
GATAI1
GATA2
GBP5

GCNT1

89

GCNT4
GFI1
GIMAP1-
GIMAP5
GIT2
GJA1
GMNN
GNAI2
GNMT
GPI
GPRC5C
GSE1
GSN
GSS
GSTP1
GSX1
HAX1
HCAR2
HCK
HDC
HLA-A
HLA-B
HLA-G
HMOX1
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TIMP3
TINF2
TIRAP
TLR2
TLR4
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TLX1
TNF
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Supplemental Figure 1A. Principal component analysis of our cohort anchored with

HapMap data before filtering outliers.
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Supplemental Figure 1B. Principal component analysis of our cohort anchored with

HapMap data after filtering outliers.
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Supplemental Figure 1C. Post-filtering principal components of our cases and controls
only. The first 4 principal components were significant by Tracy-Widom tests and were

therefore used as covariates in our analyses of dbGaP data.
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Supplemental Figure 2. Nine out of the top 16 most significant variants found in our logistic regression analysis were in this ~150kb

region on chromosome 9.
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CHAPTER IV: Dysbiosis, Inflammation, and Response to Treatment: a
Longitudinal Study of Pediatric Subjects with Newly Diagnosed Inflammatory Bowel
Disease

Coauthors: Madeline Bertha, Tatyana Hofmekler, Pankaj Chopra, Tommi Vatanen, Abhiram

Srivatsa, Jarod Prince, Archana Kumar, Cary Sauer, Michael E. Zwick, Glen A. Satten,
Aleksandar D. Kostic, Jennifer G. Mulle, Ramnik J. Xavier, and Subra Kugathasan

ABSTRACT

Background: Gut microbiome dysbiosis has been demonstrated in subjects with newly
diagnosed and chronic inflammatory bowel disease (IBD). In this study we sought to explore
longitudinal changes in dysbiosis and ascertain associations between dysbiosis and markers
of disease activity and treatment outcome.

Methods: We performed a prospective cohort study of 19 treatment-naive pediatric IBD
subjects and 10 healthy controls, measuring fecal calprotectin and assessing the gut
microbiome via repeated stool samples. Associations between clinical characteristics and the
microbiome were tested using generalized estimating equations (GEE). Random forest
classification was used to predict ultimate treatment response (presence of mucosal healing
at follow-up colonoscopy) or non-response using patients’ pre-treatment samples.

Results: Patients with Crohn’s disease (CD) have increased markers of inflammation and
dysbiosis compared to controls. Ulcerative colitis (UC) patients had even higher
inflammation and dysbiosis compared to CD. For all cases, the gut microbial dysbiosis index
associated significantly with clinical and biological measures of disease severity, but did not
associate with treatment response. We found differences in specific gut microbiome genera
between cases/controls and responders/non-responders including Akkermansia, Coprococcus,

Fusobacterinm, 1 eillonella, Faecalibacterium, and Adlercreutzia. Using pre-treatment microbiome
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data in a weighted random forest classifier we were able to obtain 76.5% accuracy for
prediction of responder status.

Conclusions: Patient dysbiosis improved over time but persisted even among those who
responded to treatment and achieved mucosal healing. Although dysbiosis index was not
significantly different between responders and non-responders, we found specific genus-
level differences. We found that pre-treatment microbiome signatures are a promising

avenue for prediction of remission and response to treatment.

BACKGROUND

Inflammatory bowel disease (IBD), including Crohn’s disease (CD) and ulcerative colitis
(UC), is characterized by chronic remitting and relapsing inflammation of the gastrointestinal
tract. Persistent inflammation and continuing insult lead to fibrosis, scarring, and the need
for multiple surgeries. The pathogenesis of IBD is complex and poorly understood. A
disturbance of intestinal mucosal homeostasis, influenced by genetic factors, the intestinal
microbiome, the immune system, and environmental exposures, is believed to underlie
IBD[1] [2]. While 200 distinct genetic loci have been associated with IBD in a recent report
[3], many of these genes point to pathways involving bacterial recognition or host response
to microbial infections, both clearly influenced by the environment. Although the prevalence
of adult-onset IBD has plateaued in the Westernized world, recent population-based studies
in IBD from Canada [4], USA [5], and Europe [6] suggest a rapid increase in pediatric-onset
IBD, particularly in children younger than 10 years. Genetic causes are unlikely to account
for these epidemiological findings. The risk of IBD among first-generation immigrants to
the Western world from south Asia and Africa, as well as the prevalence of IBD in native

Asia or Africa, are exceedingly low, yet second-generation immigrants have a greatly
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increased risk similar to the location to which they immigrated [7]. This emerging global rise
of pediatric IBD incidence has fueled a quest to identify early life exposures including
potential microbiome alterations due to lifestyle and diet that could explain the increasing
risk for IBD among children [8, 9].

Several studies have described characteristic patterns within the gut microbiome of IBD
patients [10-13]. In general, shifts in bacterial taxa and decreased community diversity have
been found in treatment-naive CD [14] and in IBD in general [15-17], with the extent of
dysbiosis associated with severity of inflammation [18]; however, it is not clear whether these
changes are a cause or consequence of IBD [2]. In one recent study involving a large number
of subjects, the microbiome of treatment-naive pediatric CD patients had a distinct signature
compared to non-IBD subjects, as measured by both fecal and intestinal mucosa bacterial
ecosystems [19]. However, this study used primarily mucosal biopsies and was limited to a
single time point—it did not capture the dynamics of the gut microbiome over time. One
recent study showed that dysbiosis results from independent effects of inflammation, diet,
and antibiotics after selected pediatric Crohn’s disease subjects were treated with enteral
nutrition and some conventional medications [18]. Although this study measured bacterial
community before and after intervention, the study only provided data for an 8-week study
period and only 4 samples per patient. Long term data are still lacking regarding dysbiosis
subjects who undergo standard of care treatment in clinical practice. Once IBD is diagnosed,
patients undergo a series of treatments to induce clinical remission, in which mucosal healing
is promoted by controlling mucosal inflammation. Some patients respond clinically to
treatment with normalization of symptoms and evidence of mucosal healing seen in repeat
colonoscopies (“responders” or “remitters”); other patients continue to have persistent

inflammation or a remitting-relapsing disease course with a variable degree of mucosal
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inflammation (“non-responders” or “non-remitters”). It is critically important to study the
intestinal microbiome over the course of treatment to identify whether there are microbial
signatures that distinguish these different outcomes. This can be achieved with longitudinal
microbiome analysis, starting at diagnosis and following up throughout treatment in parallel
with clinical characterization. We hypothesize that distinct signatures of microbiota can be
found and applied in clinical practice to assess ongoing inflammation and predict response
to treatment. An important study by Kolho et al examined the treatment responses using
fecal calprotectin in patients with median disease duration of 3.5 years after diagnosis [20].
Although our study was similar, our study design differed from Kolho et.al in that we used
mucosal healing in addition to fecal calprotectin as measure of mucosal inflammation and
used sequencing rather than phylogenetic microarray to classify species levels.

Here we report the results of a longitudinal investigation of 19 children diagnosed with
IBD, of whom 15 had a final diagnosis of CD and 4 had a final diagnosis of UC. All 19
subjects were recruited from a single center, were treatment-naive at the time of enrollment,
were treated with current standards of practice guidelines, and were followed clinically for a
median of 8 months. Treatment regimens were not protocolized, but treatment was
escalated to maximal medical therapy or surgical resection was recommended if, upon
clinical evaluation, the subject was categorized as a non-responder to previous treatment. We
also recruited and followed 10 unaffected controls for comparison: 6 family members and 4
unrelated controls. We measured fecal calprotectin in all samples as an objective measure of
inflammation as well as the subjective clinical disease activity indices (pediatric CD activity
index (PCDAI) or pediatric UC activity index (PUCAI)). The strength of our study lies in the
dense longitudinal data collection (217 total visits—a median of 8 time points for both cases

and controls), thorough clinical characterization of our patients at each visit, measurement of
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clinical disease activity indices, and simultaneous use of fecal calprotectin as an objective
measure of mucosal inflammation. We comprehensively analyzed inflammation, diversity
and dysbiosis by standard methods including the previously described dysbiosis index,
explored gut microbiome differences at the genus level among cases and controls and
treatment responders and non-responders, and finally assessed the ability of pre-treatment

samples to predict treatment response.

METHODS

Study Population

Potential participants were identified from Children’s Healthcare of Atlanta inpatient wards
and outpatient pediatric IBD clinics based on clinical suspicion of IBD based on symptoms
or lab work. Criteria to participate in the study included CD or UC diagnosis confirmed by
colonoscopy and/or magnetic resonance enterography, willingness to patticipate, and ability
to maintain close follow-up. Patients and families gave informed consent and assent to
participate in the study. Exclusion criteria included prior diagnosis of IBD, prior therapy
with immunomodulators or biologics, or history of non-compliance with clinical
appointments.

A total of 19 pediatric IBD cases (< 17 years old, 15 with CD and 4 with UC) were
enrolled in this longitudinal prospective study between June 2013 and January 2014.
Participants were followed at regular intervals beginning at the time of enrollment until the
termination of the study in August 2014. All patients were phenotyped at the time of
enrollment according to the Paris Classification [21] . Demographic and phenotypic
characteristics were collected via patient interview and chart review at the time of sample

delivery, and abbreviated PCDAI [22-24] or PUCAI was obtained at all clinical visits [25].
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Medical treatment was not affected by joining this study. Patients started to receive
treatment between their first and second clinical visits. Patients were treated with aggressive
monotherapy of either immunomodulators or biologics with mucosal reassessment via
colonoscopy approximately one year after diagnosis. Based on presence or absence of
mucosal healing we dichotomized patients as responders (n = 6) or non-responders (n = 13),
respectively, independent of any knowledge about microbiome composition. Since subjects
received multiple treatments, we did not categorize based on the particular treatment
exposures. Patients receiving surgery were classified as non-responders, and only pre-surgery
time points were used in analyses. Family members of patients were recruited as related
controls (n = 6), and unrelated controls = 17 years old with no IBD diagnosis were also

recruited (n = 4). Once enrolled, participants were followed no more frequently then weekly.

Specimen Collection and Processing

Fecal samples were obtained at regular intervals beginning at the time of diagnosis and
throughout the study (Figure 1). Each fecal sample was collected and placed into two
separate Para-Pak Vials: (1) with 100% ethanol (ii) without ethanol. The specimen with
ethanol was submitted to the study coordinator at room temperature for processing within
24 hours of collection. The specimen was spun down, ethanol discarded, and the remaining
stool was either stored at -20°C until ready for aliquoting, or immediately aliquoted to be
stored at -80°C for fecal microbiome analysis. The specimen without ethanol was stored at -
20°C until it was aliquoted and stored at -80°C for fecal calprotectin analysis. Fecal
calprotectin was measured by Eagle Biosciences Calprotectin enzyme-linked immunosorbent

assay (ELISA) kits according to manufacturet’s guidelines.
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Bioinformatic Processing
In collaboration with the Broad’s Molecular Biology R&D (MBRD) Lab, we sequenced the
V4 region of the bacterial 16S rRNA gene using the Illumina MiSeq platform according to
manufacturer’s specifications. Reads were demultiplexed into fastq files for each sample
using sequence barcodes. Forward and reverse reads were joined with PANDASeq [20].
After samples with fewer than 3,000 reads were excluded, there was a median of 66,000
reads per sample used in the study. The joined sequence files were formatted using a Python
script to add QIIME headers with the respective sample ID to each sequence before
concatenating into one file for input into QIIME 1.8.0 [27]. Operational taxonomic units
(OTUs) were picked using the QIIME pick_closed_reference_otus.py script with a
threshold of 97% identity to the Greengenes v13_8 database. A median of 91% of reads per
sample were classified successfully with this closed-reference OTU approach. Shannon alpha
diversity was calculated on the unfiltered biom table using the alpha_diversity.py script, and
weighted UniFrac distances were calculated with the beta_diversity.py script. The microbial
dysbiosis index, initially described by Gevers 2013, was calculated in R for each sample. The
microbial dysbiosis index is defined as the logi, of the total abundance in organisms
increased in CD divided by the total abundance of organisms decreased in CD. The
increased-in-CD taxa comprise Enterobacteriaceae, Pastenrellaceae, Fusobacteriaceae, Neisseriaceae,
Veillonellaceae, and Gemellaceae. Decreased-in-CD taxa are Bacteroidales, Clostridiales (excluding
Veillonellaceae), Erysipelotrichaceae, and Bifidobacteriaceae [19].

To test the robustness of our findings from these Shannon diversity and dysbiosis
calculations, we repeated association tests between cases and controls using our data with 1)
a de novo OTU clustering approach and 2) rarefying to even sequencing depth. Our de novo

analysis was performed the same as our original closed-reference analysis with the exception
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that chimeras were first removed from each sample using USEARCH v6.1 [28], then OTUs
were picked using the pick_de_novo_otus.py script. Taxonomic classification was performed
using the same Greengenes database. The same median percentage of sequences were
ultimately successfully classified (91%) using this de novo approach.

We randomly rarefied each sample in our original closed-OTU biom table to 3155
sequences, the lowest sequencing depth observed in our samples, using the rrarefy function
in the R package vegan [29]. We then measured Shannon diversity using vegan’s diversity
function and calculated the dysbiosis index using the same R code described previously. We
repeated this 10,000times and took the median of the results from these rarefactions for
each sample; we then repeated our regression analyses using these values. For a complete
summary of reads/sample, QC information, and calculated values, see
“reads_microbiome_info” supplemental file.

Opverall there were 7628 OTUs in our samples. For our genus-by-genus and random
forest analyses we collapsed data to the genus level (combining OTUs belonging to the same
genus) and converted counts to frequencies using the summarize_taxa.py QIIME script.
There were 397 genus-level taxa in our 158 microbiome samples. To test for significance, we
required a genus to be present at greater than 0.15% abundance in at least one sample,

leaving 134 genera.

Statistical Analysis

We performed all data analyses in R. To account for the correlations within individuals over
time, we performed linear regressions in a generalized estimating equations (GEE)
framework [30] using the R package geepack [31]. We assumed an independent correlation

structure and used the robust (sandwich) estimator for standard error. Subject observations
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were additionally inversely weighted by the total number of observations for that individual
to ensure that results were not driven by individuals who were observed more frequently
[32]. Wald tests were used to assess the significance of coefficients in our GEE. To compare
marker levels between groups we modeled markers (calprotectin, dysbiosis, diversity) as a
function of disease status (case vs control or UC vs CD). To assess differences between
groups at baseline (all clinical outcomes as well as genus-by-genus analysis), or to measure
changes over time we considered models with time since study enrollment. When comparing
change over time between CD, UC and controls, time by diagnosis interactions were also
considered. We used the same models without time to assess average differences between
groups over the course of disease. For associations between pairs of markers (e.g.
calprotectin and dysbiosis) throughout the course of our study, we modeled one marker (e.g.

calprotectin) as a function of the other marker (e.g. dysbiosis).

Predictive Modeling

We used the R package randomForest [33] and genus frequency data from each subject’s
first pretreatment fecal sample (available for 5 responders and 12 non-responders) to train a
random forest with 25,001 trees to predict response or non-response. Trees were grown to
the maximum size possible; by default, 12 genera (the square root of the number of input
genera) were considered as candidates at each split, and splitter importance was calculated as
mean decrease in the Gini impurity, described in the randomForest documentation [33].
Because of the small sample size, we did not differentiate between UC and CD patients for
this analysis. To assess if this was reasonable, we calculated the proportion of the variance in
weighted Unifrac distances between patients’ pretreatment samples explained by

response/non-response status and IBD subtype using permutational ANOVA
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(PERMANOVA) as implemented in the adonis function in the R package vegan [29]. To
account for unequal sample sizes of responders and non-responders in our random forest,
we used weights equal to the inverse of the sample size of each class; the cost of
misclassifying responders therefore equaled the cost of misclassifying non-responders. We
also performed the analysis with equal class sizes (5 each of responders and non-responders)
to ensure our results were not the result of the class imbalance of our cohort. The receiver
operating characteristic (ROC) curves and the area under the ROC curves (AUC) were
generated using the ROCR package in R [34]. The significance of prediction accuracy and

AUC was assessed by permuting response/non-response status 10,000 times.

RESULTS

Extensive Characterization of Gut inflammation and Microbiome in a Longitudinal
Cohort of Children with IBD. Twenty-nine individuals were included in the longitudinal
analysis, representing four groups: CD patients (n = 15), UC patients (n = 4), unaffected
controls with a first-degree genetic relationship to an affected individual (family members, n
= 0), and unaffected controls with no genetic relationship to any affected individual included
in this study (unrelated, n = 4). Table 1 shows a summary of clinical characteristics and total
number of visits used in analysis for all study participants. A more detailed summary of
number of microbiome measures, calprotectin values, and PCDAI time points by
case/control group is provided in Table S1. Figure 1 shows a comprehensive visualization of
calprotectin measures for all patient and control time points used in all analyses. GEE
comparison of familial and unrelated controls showed no significant differences at baseline,
and no differences in average fecal calprotectin or alpha diversity between the two groups.

However, on average unrelated controls had a higher dysbiosis index than related controls
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(Table S2). These groups were pooled into one group of controls for all subsequent analyses,

so our results were not inflated by the lower dysbiosis index apparent in related controls.

Subjects with IBD Have Increased Markers of Inflammation and Dysbiosis
Compared to Controls. We first we tested general differences in inflammation, microbiome
diversity, and microbial dysbiosis between IBD cases and controls using our weighted GEE
approach to propetly control for correlations within individuals. Significance of these
coefficients was assessed via Wald tests. Table S3 summarizes beta and p-value information
for comparisons of baseline values (including time since first sample as a covariate) and
overall averages. Figure 2 shows calprotectin, alpha diversity, and dysbiosis for all timepoints
for controls, CD patients, and UC patients (Figure S1 shows all time points summarized in
box-and-whisker plots; Figure S2 shows controls, responders, and non-responders over time
with a different color for each individual).

For controls, baseline calprotectin was 42 + 99 ng/g. CD patients had fecal calprotectin
values 313 pg/g higher at baseline than controls (p = 0.0002), and UC patients had values
1330 pg/g higher than controls (p = 4E-11; Table S3 summatizes all CD/UC/control
comparisons). Over the entire course of our study the average difference in fecal calprotectin
for CD and UC patients compared to controls was 181 ug/g (p = 0.00002) and 1100 ng/g (p
= 4E-10), respectively. As seen in previous studies, IBD patients had overall lower alpha
diversity as measured by the Shannon index. Shannon index at baseline for controls was 6.02
+ 0.58. CD patients had Shannon index values 0.94 lower at baseline (p = 0.00001) and 0.72
lower on average (p = 0.007) relative to controls. UC patients had Shannon values 1.31

lower at baseline (p = 8E-05) and 0.98 lower on average (p = 0.002).
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Our sample of IBD patients also had significantly higher scores on the dysbiosis index
than controls. At baseline, mean control dysbiosis index was -1.85 £ 0.55. Baseline dysbiosis
was 0.86 points higher for CD patients (p = 6E-8) and 1.75 points higher for UC (p = 4E-
15). Dysbiosis scores were on average 0.67 points higher in CD (p = 3E-07) and 1.38 points
higher in UC (p = 3E-10).

Our microbiome findings of decreased Shannon diversity and increased dysbiosis did not
change when we calculated these values after de novo OTU-picking, or after taking the
median of 10,000 rarefactions to the lowest sequencing depth seen in our closed biom table
(see “denovo_and_rarefy_analysis” supplemental file for a comparison of these approaches
to results of our original closed-reference OTU approach).

UC patients had significantly higher calprotectin and dysbiosis indices than CD patients
(Figute 2, Table S4). UC patients had fecal calprotectin levels 829 pg/g higher at baseline (p
= 2E-05) and 917 pg/¢ higher on average (6E-06) compared to CD patients. The dysbiosis
index was 0.49 points higher among UC patients at baseline (p = 0.02) and 0.70 points
higher on average (0.0007) than CD patients. While Shannon diversity was lower in our UC
patients this difference was not significant, possibly due to the relatively small sample size of
our cohort.

Our longitudinal samples also show improvements in outcome measures over time for
IBD patients (Figure 2), reflecting overall response to treatment, while these measures did
not significantly change for controls over the course of the study (Table S3). Calprotectin
declined in patients with CD relative to controls (p = 0.02), and in UC patients, calprotectin
declined at around four times the rate of CD compared to controls (p = 3E-006). An increase
in Shannon diversity relative to controls was not significant for CD patients, but Shannon

diversity did improve over the course of the study for patients with UC compared to
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controls (p = 0.002). Both CD and UC patients showed improvements (decreases) in the
microbial dysbiosis index compared to controls (p = 0.03 and p = 1E-13, respectively), with

UC patients having a higher comparative rate of decline.

Dysbiosis Associates Significantly with Clinical and Biological Measures of Disease
Severity. Our next aim was to test whether dysbiosis showed an association with
calprotectin in our cohort. Using GEE, we found higher dysbiosis associated significantly
with higher calprotectin (Table S5). In the overall dataset including both cases and controls,
one unit increase in microbial dysbiosis (overall mean -1.3 * 0.74) was associated with a 260-
point increase in calprotectin (p = 0.0004). This finding also held true when examining cases
only: a one-unit increase in dysbiosis (case mean -1.06  0.66) associated with 286 pg/g
higher calprotectin (p = 0.02, Figure S3A). This is the first time the dysbiosis characteristic
of the CD gut microbiome has been linked to a clinical measure of inflammation, fecal
calprotectin. In contrast, we found that Shannon alpha diversity did not show a relationship
with calprotectin (Table S5). Our results were not impacted by using a de novo OTU-picking
approach, or rarefying reads from each sample from the closed-OTU-picking biom file to
even depth (see “denovo_and_rarefy_analysis” supplemental file).

For our Crohn’s patients, dysbiosis also significantly associated with increased PCDAI,
the current clinical measure of disease activity (p = 0.0001, Figure S3B). However, PCDALI
did not associate significantly with calprotectin (Table S5, Figure S3C), suggesting that

PCDALI is not a good stand-in for a direct measure of inflammation such as calprotectin.

Gut Microbiome Differences between Groups. While the dysbiosis index has predictive

power of whether an individual has CD [19], we found that baseline dysbiosis index was not
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significantly different (p = 0.3) between treatment responders, who showed evidence of
mucosal healing (n = 6), and non-responders (n = 13). This finding suggests that baseline
dysbiosis may identify cases, but may not be the best tool for predicting actual response to
treatment. Because the components of the dysbiosis index are broad categories (i.e., family-
and order-level taxa), we next used GEE (again with Wald tests for coefficient significance)
to test whether distinct microbiome signatures could be identified among responders and
non-responders at the genus level. Using GEE allowed us to leverage the power of all of our
time points to test differences, both between cases and controls and non-responders and
responders.

We found 20 genera had nominally significantly different abundance (p = 0.05) between
cases and controls at baseline. Interestingly, 7 of these 20 genera were not captured by the
dysbiosis index. We found also found 18 genera that differed significantly at baseline
between responders and non-responders, 5 of which were not captured in the dysbiosis
index. The taxa that differ between groups are summarized in Figure 3 and Table S6.

When we compared the list of significantly different genera between cases and controls
to the significant genera from our non-responder/responder comparison, 11 of these taxa
overlapped. The direction of effect in all overlapping taxa was the same in the two
comparisons: if a genus was significantly increased in cases compared to controls, that genus
was likewise increased in our non-responders compared to responders.

Because of our limited sample size, this analysis was largely exploratory: only 2 taxa,
Coprococeus and Adlercrentzia, met the threshold for significance in the case/control
compatison (no taxon met this threshold in our non-responder/responder comparisons)
after conservative Bonferroni correction for multiple tests, with a significant p-value defined

as <0.05/134. Coprococcus was decreased in cases compared to controls and further decreased
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in non-responders compared to responders. Adlercrentzia was also decreased in cases
compared to controls but was at similar levels in non-responders and responders. While the
association of Coprococcus with IBD has long been known, the association with Adlercrentzia

has not been previously reported.

Predicting Future Response to Treatment via the Gut Microbiome Using Pre-
Treatment Samples. We used a random forest classifier to determine if treatment response
among cases could be predicted using microbiome data from the first pre-treatment sample
from each individual. Five responders and twelve non-responders had pre-treatment samples
for analysis. We combined UC and CD patients because IBD subtype explained only 4% of
the variability in the weighted Unifrac distance between pretreatment samples after
accounting for responder/non-responder status, which explained 23% of the vatiability
(p=0.01 after 10,000 permutations). Our classifier attained an area under the ROC curve
(AUC) of 0.75 (Figure 4A) and 76.5% accuracy of prediction (significant at p=0.04 and
p=0.03, respectively, after 10,000 permutations of treatment tesponse/nonresponse status).
The confusion matrix and precision-recall curves for our random forest model can be found
in Table S7 and Figure S4, respectively. Because the prediction error among responders in
this model is high (60%) we were concerned that only non-responders had a distinctive
pattern; this could also lead to a higher prediction error (lower accuracy) than reported here
among populations having a higher proportion of responders. To investigate this, we
additionally used a subsampling approach to fit our random forest classifier, so that each tree
was fit using 5 responders and 5 non-responders. This model has the same overall prediction
accuracy (76.5%) but the prediction error in responders (20%) and non-responders (25%) is

more comparable, suggesting both responders and non-responders have distinct OTU
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profiles. These results also suggest that the prediction accuracy we report here is achievable
even in populations with varying proportions of responders. The confusion matrix for the
subsampled model can be found in Table S8 and the ROC and precision-recall curves can be
found in Figure S5.

The abundances of genera with the top 15 highest variable importance scores in our
weighted random forest (listed with importance scores in Table S9) are shown in Figure 4B.
Figure S6 shows stacked bar charts for each sample used in the random forest (categorized
by eventual response or non-response) summarizing those of the top 15 genera that were
found above 1% average abundance. Four of the top fifteen genera (Coprococeus, Adlercrentzia,
Dialister, and an unnamed genus of Enterobacteriaceae) overlapped with our GEE results. This
overlap is denoted with asterisks in Figure 3A and Figure 4B. Three of these genera were the
most significant in our GEE groupings, further implicating their significance in our IBD
patients: Coprococens was most significant of the genera in both case/control and
respondetr/non-responder comparisons, Adlercrentzia was most significant in the
case/control compatisons, and Dialister the most significant in responder/non-responder
comparisons. Furthermore, Coprococcus and Adlercrentzia were the two genera that remained
significant in our case/control analysis (both with decreased abundance) after Bonferroni
correction of our GEE results. Importantly, fourteen of the top fifteen most important
genera identified are identical between the weighted and equal sampling analyses (Table S10),
supporting the conclusion these taxa are truly responsible for separating responders and
non-responders in our cohort. Replication in a larger study will be needed to confirm the

role of these taxa in treatment response.
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DISCUSSION

We conducted the largest longitudinal study published to date following newly diagnosed
IBD subjects in real time, collecting measures of disease activity, mucosal inflammation, and
microbiome composition. Sample collection was initiated at diagnosis, prior to treatment,
and continued throughout the medical and surgical management of these patients. Here we
show that (1) longitudinal stool sampling was both feasible and robust; (2) microbial
dysbiosis improved from baseline but persisted despite complete cessation of clinical disease
activity among responders; (3) distinct microbiota signatures emerged among responders
compared with non-responders at the genus level, but not dysbiosis index; (4) treatment-
naive analysis of the microbiome could potentially be used to predict whether a subject will
respond to treatment. Our study was based on real day-to-day clinical practice, so study
design did not impact treatment choices for the subjects. Using this approach, our patients
could be treated in a manner consistent with standard-of-care. Our findings may prove
clinically useful in tailoring therapies; if confirmed by a larger study, clinicians could, in the
future, make microbiome-informed decisions about early escalation of medical therapies
versus timely surgical interventions.

In our study, we focused on following patients over time using stool samples because
obtaining repeated biopsy samples in a clinical setting is not feasible—it is invasive,
expensive, and impractical for day-to-day clinical practice. We show that repeated stool
samples can depict the diversity and dysbiosis of the microbiome. This is an important
implication for future studies because it suggests that stool samples, which are relatively
cheap and easy to acquire, are an appropriate substitute for biopsy samples to monitor the

microbiome of IBD patients.
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In terms of clinical outcomes, we assessed disease activity with PCDAI/PUCALI, the
current standards in clinical use. These measures largely rely on clinician observation and
patient self-report and are therefore indirect assessments of disease activity. Since
inflammation impacts microbiome indices, many studies have been criticized for not having
an objective measure of inflammation. To address this shortcoming, we measured fecal
calprotectin as a proxy for mucosal inflammation [35, 36]. Fecal calprotectin is a quantitative
measure of disease activity that is not affected by self-reporting bias and is a direct biomarker
of mucosal inflammation, the trademark of IBD.

Previously, Gevers et al. [19] described the gut microbiome in treatment-naive CD
patients and created the dysbiosis index to reflect the distinct alteration of the microbiome in
CD. We applied the dysbiosis index to our population and further showed it to be a useful
and relevant tool: the dysbiosis index was significantly higher (indicating more dysbiosis) in
both our CD and UC subjects compared to our unaffected subjects. Furthermore, the
dysbiosis index decreased over the course of the study, consistent with treatment and
subsequent clinical improvement. When it was created, the dysbiosis index showed strong
correlation with clinical severity as measured by PCDAI, which we confirm in our study. We
further share the novel finding that the dysbiosis index associates with the direct measure of
inflammation, calprotectin. Because PCDAI does not show a similar association with higher
calprotectin, the dysbiosis index may be more reflective of inflammatory status than the less
direct disease activity measure.

Although our sample size is small, we showed that although the dysbiosis index was
developed in CD patients, UC patients had significantly higher dysbiosis than CD patients

did, along with increased calprotectin. Further, none of the responders in our study were UC



113

patients. Additional studies in larger patient cohorts are needed to clarify any distinct
features of the microbiome among IBD patients.

Our subjects were followed for an average of eight months and included patients who
both responded and did not respond to treatment. Although the dysbiosis index improved
over time in patients, it did not reach levels seen in controls. This finding has important
implications for pathogenesis: it suggests that with aggressive treatment of inflammation and
symptoms (as was the case in our population) disease activity will improve, but the gut
microbiome may remain perturbed. This finding is in line with a recent paper by Forbes et
al, who found that there was no clear difference between microbiota of inflamed and non-
inflamed mucosa in either CD or UC, suggesting gut dysbiosis is the driver of inflammation
rather than a result of it [37].

This pattern of persistent dysbiosis further emphasizes the need for prospective,
longitudinal tracking with extensive follow-up: microbiome trends, microbiome resilience,
and return to “healthy” composition may all be important to assess [38]. A larger study to
investigate the impact of different treatments is also needed. Observations from such studies
will open new therapeutic opportunities aimed at ameliorating dysbiosis in hopes of either
preventing disease or limiting future complications.

At the individual genus level, several genera showed differences between groups in our
GEE, random forest models, or both, with six bearing special mention: Akkermansia,
Coprococcus, Fusobacterinm, 1 eillonella, Faecalibacterium, and Adlercrentzia. In our sample,
Akkermansia had a higher pretreatment abundance in non-responders compared to
responders (Figure 4B). The genome of Akkermansia, identified in our random forest
analysis, contains mucinase genes [39] and is considered to be a mucin-degrading bacterium

[40]. In gnotobiotic mice, .A&kermansia increases inflammation in mice co-infected with
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Salmonella typhimurium [41]. We also found that Coprococcus (a genus identified in both GEE
and random forest analyses) was diminished in cases compared to controls, and was further
diminished in non-responders. In fact, agglutinating antibodies for Coprococcus were briefly
considered as a biomarker for CD screening [42].

We have previously reported significantly higher abundance of Fusobacterium and
Veillonella in the stool of treatment-naive CD patients [19]. In our GEE analysis we again
identified these two genera at increased abundance in cases, especially in non-responders to
therapy. One recent study by Kelsen et al identified significantly increased levels of these two
taxa, among others, in the subgingival microbiome of patients with CD who were not taking
antibiotics [43]. This prompts the hypothesis that oral cavity microbiota, also seen in the guts
of IBD patients may play a significant role in the pathogenesis and progression of IBD.
Species of Fusobacterinm are also associated with a wide variety of negative health outcomes,
such as dental plaque, periodontal disease, Lemierre syndrome [44], head and neck infections
[45], and especially colon cancer [46, 47].

Faecalibacterinm, a genus of interest from our random forest analysis, includes the species
F. prausnitzii. One particular strain of this species—A2-165—was recently found by Rossi et
al to have an important role in anti-inflammatory processes. This bacterium was particularly
adept at eliciting high levels of IL.-10 production, enhancing ovalbumin-specific T cell
proliferation, and reducing interferon-gamma-positive T cells. Treatment with A2-165 even
attenuated inflammation in a murine model of chronic relapsing colitis [48]. Because
Faecalibacterium abundance was found to be decreased in non-responders compared to
responders, our study supports further investigation into the prognostic and therapeutic

possibilities of this strain.
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Another genus significant in both GEE and random forest analyses, Adlercrentzia, was
found to be decreased in cases and further decreased in non-responders compared to
responders. This genus was originally identified in human feces and found to play an
important role in the metabolism of isoflavones to equol, a non-steroidal estrogen [49]. To
our knowledge, the role of Adlercrentzia in IBD has not yet been explored; however, its
appearance in the significant results of both our GEE and random forest analyses suggest it
may be a future target of interest.

Genera from the families Lachnospiraceae and Ruminococcaceae appear several times in our
GEE and random forest results. Though not included in the dysbiosis index, members of
these families were found to be characteristic of tissue samples from Crohn’s disease in a
recent study by Tyler et al [50]. Four of the top fifteen most important genera identified by
our classifier belong to the family Lachnospiraceae and are all reduced in non-responders
compared to responders. Further research is needed into the possible contribution of
members of this family to IBD pathophysiology.

Our study has several limitations. Some control subjects were related to affected
subjects; however, the unrelated controls actually had significantly higher microbial dysbiosis
than the related controls, suggesting shared environment did not ovetly inflate dysbiosis in
the related study subjects. One factor that may have contributed to this trend is that some
related controls were parents, and were hence older than the affected subjects. Additionally,
there was variation in the number of samples obtained from each patient. To correct for this
variation, we weighted samples for each study subject according to the number of samples
they contributed to the study. Our sample population had a smaller number of UC subjects

than CD subjects; although UC patients had higher measures of clinical activity, we



116

combined these patients for predictive modeling because IBD disease type did not explain a
large proportion of the variance between microbiome samples among IBD cases.

These unique data provide the first glimpse into the long-term dynamics of the gut
microbiome of subjects with and without inflammatory bowel disease. The data show that
the dysbiosis index captures alteration of the microbiome in IBD patients relative to
controls, and associates with clinical and biochemical measures of disease activity. More
importantly, the dysbiosis index did not decline to levels seen in unaffected individuals, even
when patients were in remission. Distinct microbial signatures seen at the genus level among
responders and non-responders may have clinical implications for therapeutics and risk
stratification. The potential impact of this analysis is far-reaching, as it provides insight into
how gut microbial dysbiosis changes with treatment and remission in IBD patients. Our

results also lay the groundwork for predicting patients’ ultimate response to therapy.

CONCLUSIONS
New findings:

e Markers of inflammation and dysbiosis are increased in IBD; microbial dysbiosis
improves over time but persists despite cessation of clinical disease activity and
mucosal healing among responders

e The dysbiosis index does associate with calprotectin, a measure of inflammation, but
it does not distinguish treatment responders (those with mucosal healing) from non-
responders. Other microbiome signatures do emerge at the genus level and warrant
turther investigation

Impact on clinical practice:
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e Treatment-naive analysis of the microbiome could potentially be used to predict
whether a subject will respond to treatment

e Sustained and deep remission may require normalizing the gut dysbiosis

Disclaimer: The findings and conclusions in this report are those of the authors and do not

necessarily represent the official position of the Centers for Disease Control and Prevention.
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TABLES

Table 1. A summary of relevant characteristics is shown for study participants

Cases

Crohn's disease

15 (78.9%)

Diagnosis
Ulcerative colitis 4 (21.1%) A
Response/mucosal healing 6 (31.6%) g g
Treatment Non-response without surgery 8 (42.1%) -
outcome
Non-response with surgery 5 (26.3%)
microbiome 6 (1-12) 7 (%
Time points calprotectin 6 (1-12) R =
o L
PCDAI 7 (3-13) e
Controls
Familial 6 (60%) ~9
Relatedness S g
Unrelated 4 (40%) ~ =2
microbiome 5(1-8) —_
N | E 5
Time points calprotectin 0.5 (1-9) R &
o &
PCDAI NA = ®

125



126

FIGURES

Figure 1. Logi(calprotectin+1) values for all study subjects used in analysis. Larger
circle size reflects higher measured calprotectin. Time points where calprotectin was < 100
ug/g are shown in blue; time points whete calprotectin was >100 ug/g are shown in red.
CD, Crohn’s disease; UC, ulcerative colitis; R, responder to treatment; NR, non-responder
to treament; F, familial control; U, unrelated control. Patients are shown in order of

decreasing length of followup. (See also Table 1 and S1.)
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Figure 2. Clinical characteristics for all study subjects. (A-C) Characteristics for control
subjects (black), Crohn’s disease patients (CD, red), and ulcerative colitis patients (UC, blue)
are plotted over time with unadjusted regression lines in black and 95% confidence intervals
in grey. For CD and UC patients, calprotectin decreases (A), alpha diversity increases (B),
and gut microbial dysbiosis decreases (C) over time, reflecting overall improvement
following treatment. Additionally, calprotectin and microbial dysbiosis were significantly

higher in our UC patients than in CD. (See also Figures S1 and S2, Tables S3 and S$4.)
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Figure 3. Genera with significant differences between cases and controls, non-responders and responders. (A) —log10(p value) from testing
difference in abundance of each genus in cases compared to controls and non-responders compared to responders. Blue bars indicate taxa negatively
associated with case or non-responder status, and red bars indicate a positive association. The line below 2 represents the threshold for nominal
significance; the higher line is the significance level after Bonferroni adjustment for multiple tests. The asterisk denotes taxa that also appear in the
results of our random forest classifier. (B-D) Example patterns representative of each of the three categories: (B) significant in both comparisons, (C)

significant only between cases and controls, and (D) significant only between non-responders and responders. (See also Table S6.)

A overlapping significance case/control significant non-responder/responder significant B control responder non-responder
[ ]
] o
3 ..
n 8 0.10 o0 °
2 o L . ‘
% o [ ]
$  oo0s- °
o Il L]
% = 0.00- ® o
3
a 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
7o 0 100 200 300 400 O 100 200 300 400 O 100 200 300 400
%— Days since first sample
5 g
8 . :"|I> c control responder non-responder
| y 17} [ )
o°
S g 00075-
. 3
2- 3 g 0.0050-
g 5
2 ©00025- ®g
e T b °
<
N o000 (RS  Gunteswn®® ESeesteles
3= 0 0o & £ 5 3 0 @ N 2 © 5 8 g 3 o 2 9 3 =] 3 3 =
gfeggoBgses S EES S EER 2 8 £ 5 8 8§ 0 100 200 300 400 O 100 200 300 400 0 100 200 300 400
EsECSE£38EE o 2EQ8LP 8 ELS B 88 8 5 8 & Days since first sample
§>245828822 £ 2 895 %8 o % 9 5 8 £ o
omo!“ﬂ-u‘wy,ﬁclo» T ® o 8 o w £ © E < S 3 o @ £ o
o2 LU o X SB s G g < ® 2 5 & © | , O £ 2 ©
T R8s o5 R oo o85S 9, § o o O < X g D control responder non-responder
s 38888, °22E8 w8 oo 8280 § @ ¥ g 2 9 ¢ °
s 58t 888w g o oo @ 8 s ¥ Sy T OSOS O8 © owo oo
8§$E.QE$W8:0 8 83 o © B ¥ § ® 2 o 8 g & & O £ 003-
c25 885838 °>88 s 85§88 8 8= 8 s 8 & § 8§ 8 5§ LY
2888cts5e8-'8 § 2 3¢ 8 85 s T S s £ 8§ 8 % = ®
8@‘8%23‘5583’5 s 2225828 > 85 2 8 5 8 5 0.02- 8
=i} b KO © © S o « 2 2 7 2
El258e888=h £ g8 28 T 58 ¢ ¢ 2 % Cooi- o
& wYeeegasz, = @ © = - £ § o e %5 2 £ § o 3 [ ] [}
— |- c 0 32 g o 9 a I E 1 = » = © £ g 1 . [ ]
| T ug 2828 S o bl E 2 - T A 7 0.00
- L R ! = & - d m[ T =
e g - 9 =
- S 0.0 e
° 0 100 200 300 400 0 100 200 300 400 0 100 200 300 400

genus Days since first sample



129

Figure 4. Use of genera to predict eventual response to treatment in pretreatment samples. (A) Our classifier classifies response

status significantly better than random guess with AUC = 0.75 and overall accuracy of 76.5% for predicting treatment

response/nonresponse. (B) Box plots of the logio relative abundance plus pseudocount (1 x 10”) of the fifteen genera with highest

importance scores in random forest analysis in responders and non-responders. The asterisk denotes taxa also identified as significant in

our generalized estimating equations analysis. (See also Figure S4 and S6, Table S7 and S9.)
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SUPPLEMENTARY TABLES

Table S1: summary of data available for all patients

130

Total number of observations Overlap w/ microbiome

microbiome | calprotectin | PCDAI | calprotectin | PCDAI
Total case 111 125 120 103 97
ot T control 47 55 0 43 0
) case 6 6 7 5 6
Median |~ rol 5 6.5 0 5 0




Table S2: statistical comparison of related (reference group) and unrelated controls
calprotectin mean * SD = 23.7 £ 60
Shannon index mean = SD = 5.85 * 0.61

dysbiosis index mean = SD = -1.87 £ 0.58

Difference at baseline:

y ~ relation + time

X
beta | p-value
calprotectin | -20.9 0.5
b Shannon | -0.098 0.7
dysbiosis 0.32 0.1

Average difference:

y ~ relation

beta | p-value

calprotectin | -10.2 0.6
b Shannon | 0.033 0.9
dysbiosis | 0.36 | 0.05
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Table S3: statistical summary of differences between cases (stratified into CD and UC) and controls (reference group)

calprotectin mean * SD = 240 £ 508; Shannon index mean = SD = 5.24 £ 0.89; dysbiosis index mean = SD = -1.28 £ 0.80

Difference at baseline:
y ~ diagnosis(control/CD/UC) + time + diagnosis*time
diagnosis time diagnosis*time
beta p-value beta p-value beta p-value
CD 313 2E-04 -1.03 0.02
Iprotecti -0.069 0.4
AP e | 1330 AE-11 415 3E-06
CD -0.94 1E-05 1.8E-3 0.1
> Sh -1.1E-03 0.3
Rl ue | a3t 8B-05 6.3E-3 2E-03
CD 0.86 6E-08 -1.5E-3 0.03
dysbiosi -7.1E-04 0.2
YSPIOSIS e 1.75 4E-15 L0011 1E-13
(difference from (control change over time) (change over time
controls) compared to controls)

Average difference:
y ~ diagnosis(control/CD/UC)

diagnosis
beta p-value
calprotectin D el 2505
ucC 1100 4E-08
CD -0.72 7E-03
7| Shannon e | 0 2E-03
dysbiosis CD 0.67 3E-07
UucC 1.38 3E-10

(difference from
controls)



Table S4: statistical summary of differences between UC and CD (reference group)
calprotectin mean * SD = 335 £ 584
Shannon index mean = SD = 4.99 £ 0.86

dysbiosis index mean + SD = -1.03 £ 0.75

Difference at baseline:
Y ~ diagnosis(UC/CD) + time

beta | p-value
calprotectin | 829 | 2E-05
> Shannon | -0.18 0.5
dysbiosis 0.49 0.02

Average difference:

Y ~ diagnosis(UC/CD)

beta | p-value
calprotectin | 917 | 6E-06
b Shannon | -0.25 0.3

dysbiosis | 0.70 | 7E-04

133



134

Table S5: statistical summary of the association between Shannon/dysbiosis and

calprotectin/ PCDAI, and between PCDALI and calprotectin

ALIL CASES AND
CONTROLS
X
Shannon dysbiosis
beta p-value beta p-value
Calprotectin -66.1 0.3 260 4E-04
+ = =+
7| mean+SD =266+ 548 | meand 22 ) ST | ean £ SD =13+ 074
CASES ONLY
Shannon dysbiosis
beta p-value beta p-value
Calprotectin -13.3 0.9 286 3E-04
+ = + + = _ +
mean + SD = 366 + 626 mean £ SD =5.04 £ mean £ SD = -1.06
o 0.84 0.66
PCDAI -0.70 0.6 5.37 1E-04
mean +SD = 131 + 12.1 mean £ SD =497 £ mean * SD = -1.06
B T 0.88 0.75
CASES ONLY
X
PCDAI
beta p-value
. 11.0 0.06
Calprotectin
s mean = SD =124 *

mean * SD = 241 * 491

11.7




135

Table S6: Significant O'TUs in case/control and/or responder/nonresponder comparisons. OTUs highlighted in red are “increased”
(numerator) components of the dysbiosis index, OTUs in blue are “decreased” (denominator) dysbiosis index components, and OTUs in

grey are not represented in the dysbiosis index.

case/control nonresponder/responder

OoTU B pvalue B pvalue comparisons significant
k__Bacteria.p__Firmicutes.c__Clostridia.o__Clostridiales.f__Veillonellaceae.g__Veillonella 1.1E-02 2.6E-03 1.6E-02 9.9E-04 both
k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Enterobacteriales.f__Enterobacteriaceae.g__ 3.2E-02 1.2E-02 4.3E-02 7.4E-03 both
k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Enterobacteriales.f__Enterobacteriaceae.g__Pantoea 3.1E-03 2.2E-02 4.5E-03 1.9E-02 both
k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Enterobacteriales.f__Enterobacteriaceae.g__Citrobacter 2.3E-04 2.6E-02 3.1E-04 3.7E-02 both
k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Enterobacteriales.f__Enterobacteriaceae.g__Escherichia 1.1E-03 2.7E-02 1.4E-03 2.6E-02 both
k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Enterobacteriales.f__Enterobacteriaceae.g_ Xenorhabdus 4.1E-05 3.0E-02 5.7E-05 3.1E-02 both
k__Bacteria.p__Fusobacteria.c__Fusobacteriia.o__Fusobacteriales.f__Fusobacteriaceae.g__Fusobacterium 9.0E-03 3.3E-02 1.3E-02 2.3E-02 both
k__Bacteria.p__Firmicutes.c__Clostridia.o__Clostridiales.f__Lachnospiraceae.g__Coprococcus -2.2E-02 3.3E-06 -1.1E-02 2.5E-03 both
k__Bacteria.p__Firmicutes.c__Bacilli.o__Lactobacillales.f__Streptococcaceae.g__Streptococcus 1.4E-02 3.5E-02 2.0E-02 2.4E-02 both
k__Bacteria.p__Firmicutes.c__Bacilli.o__Lactobacillales.f__.g 6.1E-05 3.5E-02 9.1E-05 2.2E-02 both
k__Bacteria.p__Firmicutes.c__Bacilli.o__Lactobacillales.f__Enterococcaceae.g__ 4.1E-04 4.7E-02 5.9E-04 4.5E-02 both
k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Pasteurellales.f__Pasteurellaceae.g__Haemophilus 7.4E-03 3.6E-03 4.0E-03 3.9E-01 case/control
k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Pasteurellales.f__Pasteurellaceae.g_ 8.5E-05 1.1E-02 7.0E-05 2.1E-01 case/control
k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Pasteurellales.f__Pasteurellaceae.g__Actinobacillus 6.6E-05 1.2E-02 5.5E-05 1.8E-01 case/control
k__Bacteria.p__Firmicutes.c__Clostridia.o__Clostridiales.f__Ruminococcaceae.g_ Ruminococcus -2.4E-02 3.2E-02 2.0E-03 5.0E-01 case/control
k__Bacteria.p__Firmicutes.c__Erysipelotrichi.o__Erysipelotrichales.f__Erysipelotrichaceae.g__ 5.4E-03 4.3E-02 -7.1E-03 1.5E-01 case/control
k__Bacteria.p__Actinobacteria.c__Coriobacteriia.o__Coriobacteriales.f__Coriobacteriaceae.g__Adlercreutzia -4.8E-04 1.2E-04 -2.3E-05 7.0E-01 case/control
k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Pseudomonadales.f__Moraxellaceae.g__Acinetobacter 6.4E-05 1.3E-02 5.2E-06 9.3E-01 case/control
k__Bacteria.p__Actinobacteria.c__Coriobacteriia.o__Coriobacteriales.f__Coriobacteriaceae.g__Slackia 7.5E-05 2.8E-02 -2.7E-05 7.1E-01 case/control
k__Bacteria.p__Proteobacteria.c__Epsilonproteobacteria.o__Campylobacterales.f _Campylobacteraceae.g__Campylobacter 5.4E-04 5.0E-02 7.2E-04 6.6E-02 case/control
k__Bacteria.p__Firmicutes.c__Clostridia.o__Clostridiales.f__Veillonellaceae.g__Dialister 2.7E-02 7.8E-02 -5.3E-02 3.3E-02 nonresponder/responder
k__Bacteria.p__Firmicutes.c__Erysipelotrichi.o__Erysipelotrichales.f__Erysipelotrichaceae.g__Eubacterium 1.7E-03 1.8E-01 3.7E-03 1.5E-02 nonresponder/responder
k__Bacteria.p__Firmicutes.c__Erysipelotrichi.o__Erysipelotrichales.f__Erysipelotrichaceae.g__Coprobacillus -3.4E-04 1.8E-01 1.6E-04 3.0E-02 nonresponder/responder
k__Bacteria.p__Firmicutes.c__Clostridia.o__Clostridiales.f__Ruminococcaceae.g__Anaerotruncus -8.1E-05 2.9E-01 1.1E-04 2.5E-02 nonresponder/responder
k__Bacteria.p__Firmicutes.c__Clostridia.o__Clostridiales.f__Lachnospiraceae.g__Ruminococcus -1.4E-03 6.3E-01 3.0E-03 2.9E-03 nonresponder/responder
k__Bacteria.p__Firmicutes.c__Bacilli.o__Lactobacillales.f__Streptococcaceae.g__Lactococcus 5.5E-05 8.7E-02 1.0E-04 7.0E-03 nonresponder/responder
k__Bacteria.p__Proteobacteria.c__Deltaproteobacteria.o__Desulfovibrionales.f__Desulfovibrionaceae.g__Bilophila -5.6E-04 7.8E-01 4.1E-03 3.8E-02 nonresponder/responder




Table S7: The WEIGHTED random forest confusion table is presented below.

Confusion table

Nonresponder | Responder
Nonresponder 11 1
Responder 3 2

Table S8: The random forest EQUAL SAMPLING confusion table is presented below.

Confusion table

Nonresponder | Responder
Nonresponder 9 3
Responder 1 4
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Table S9: The genera shown below had the 15 highest importance scores for classifying patients into treatment responders/non-

responders as determined by WEIGHTED random forest.

Taxon

k__Bacteria;p__Firmicutes;c__Clostridia;o__ Clostridiales;f _Clostridiaceae;g SMB53
k__Bacteria;p__Firmicutes;c__ Clostridia;o__ Clostridiales;f _Peptostreptococcaceae;g_
k__Bacteria;p__Firmicutes;c__Clostridia;o__ Clostridiales;f__Peptostreptococcaceae;g__[Clostridium]
k_Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f _Lachnospiraceae;g__Lachnospira
k__Bacteria;p__Firmicutes;c__ Clostridia;o__Clostridiales;f _Clostridiaceae;g
k__Bacteria;p__Firmicutes;c__Bacilli;o__Turicibacterales;f _Turicibacteraceae;g _Turicibacter
k__Bacteria;p__Firmicutes;c__Erysipelotrichi;o__Erysipelotrichales;f _Erysipelotrichaceae;g__Holdemania
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f _Lachnospiraceae;g__ Blautia
k__Bacteria;p__Firmicutes;c__Clostridia;o__ Clostridiales;f _Lachnospiraceae;g_
k__Bacteria;p__Firmicutes;c__Clostridia;o__ Clostridiales;f__Ruminococcaceae;g__Faecalibacterium
k__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Enterobacteriales;f__Enterobacteriaceae;g___
k__Bacteria;p__Actinobacteria;c__Coriobacteriia;o__Coriobacteriales;f _Coriobacteriaceae;g _Adlercreutzia
k __Bacteria;p__Firmicutes;c__Clostridia;o__ Clostridiales;f Lachnospiraceae;g__Coprococcus
k__Bacteria;p__Firmicutes;c__Clostridia;o__ Clostridiales;f__Veillonellaceae;g__Dialister
k__Bacteria;p__Verrucomicrobia;c__Verrucomicrobiae;o__Verrucomicrobiales;f__Verrucomicrobiaceae;g__Akkermansia

0.418091806
0.355870067
0.354063882
0.219463445
0.216848718
0.209579085
0.205763239
0.200571385
0.190545727
0.169648821
0.141463196
0.135978227
0.133961682
0.120491045
0.111140619
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Table S10: The genera shown below had the 15 highest importance scores for classifying patients into treatment respondets/non-

138

responders as determined by random forest with EQUAL SAMPLING. Genera in common with Table S8 are highlighted in red (Dzalister

was found previously in the top 15).

Taxon

k__Bacteria;p__Firmicutes;c__Clostridia;o__ Clostridiales;f__Clostridiaceae;g__ SMB53

k__Bacteria;p__ Firmicutes;c__Clostridia;o__Clostridiales;f__Peptostreptococcaceae;g
k__Bacteria;p__Firmicutes;c__Erysipelotrichi;o__Erysipelotrichales;f__Erysipelotrichaceae;g__Holdemania
k__Bacteria;p__ Firmicutes;c__Clostridia;o__ Clostridiales;f__Peptostreptococcaceae;g__[Clostridium]
k__Bacteria;p__Firmicutes;c__Clostridia;o__ Clostridiales;f__Lachnospiraceae;g__ Blautia
k__Bacteria;p__Firmicutes;c__Clostridia;o__ Clostridiales;f__Lachnospiraceae;g__Lachnospira
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Lachnospiraceae;g_
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae;g__Faecalibacterium
k__Bacteria;p__Firmicutes;c__ Clostridia;o__ Clostridiales;f _Clostridiaceae;g
k__Bacteria;p__Firmicutes;c__Bacilli;o__Turicibacterales;f__Turicibacteraceae;g__Turicibacter
k__Bacteria;p__Verrucomicrobia;c__Verrucomicrobiae;o__Verrucomicrobiales;f__Verrucomicrobiaceae;g__Akkermansia
k__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Enterobacteriales;f _Enterobacteriaceae;g__
k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f _Rikenellaceae;g__
k__Bacteria;p__Firmicutes;c__Clostridia;o__ Clostridiales;f __Lachnospiraceae;g__Coprococcus
k__Bacteria;p__Actinobacteria;c__Coriobacteriia;o__Coriobacteriales;f__Coriobacteriaceae;g__Adlercreutzia

0.251949636
0.187099754
0.185306016
0.178959984
0.176116098
0.163797353
0.156547738
0.150600262
0.130824767
0.128628188
0.109253344
0.094807255
0.090125252
0.090089444
0.088743403

Importance score
(mean decrease Gini)
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Figure S1: All time points for calprotectin (panel A), Shannon alpha diversity (panel B), and gut microbial dysbiosis (panel C) for

unaffected controls (black circles), Crohn’s disease patients (CD, red circles), and ulcerative colitis patients (UC, blue circles) are shown.

Opverall, CD and UC patients have increased calprotectin, decreased alpha diversity, and increased gut microbial dysbiosis compared to

controls.
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Figure S2: All control, responder, and non-responder calprotectin and microbiome time points further identified by individual.
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Figure S3: The relationships between relevant clinical measures for patients with IBD are
shown. Regression lines, plotted in black, are adjusted for correlations within individuals.
Dysbiosis and calprotectin are shown in panel A; panel B shows the relationship between
dysbiosis index and PCDALI Increased dysbiosis associates with increased calprotectin and

higher PCDAL Panel C shows the relationship between PCDAI and calprotectin. PCDALI

does not significantly associate with increased calprotectin.
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Figure S4: The precision (positive predictive value)/recall (sensitivity) curve for our

weighted random forest model is shown below.
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Figure S5: The receiver operating characteristic curve (ROC, panel A) and precision/recall

curve (panel B) for our random forest analysis with equal sampling are shown below.

A <o |
@
L]
o
o
= °
B AUC = 0.76667
L8]
e §
g o
=
™
L]
=2 | |7
(]
T T T T T |
0.0 02 0.4 06 08 1.0

False positive rate

v o)
1.0
|

07 08 09

FPositive predictive value
05 08

03 04

| | | | |
02 0.4 06 0.8 1.0

True positive rate



144

Figure S6: For those of the top 15 genera that were found above 1% average relative abundance, stacked bar charts are shown for each

sample used in the random forest (categorized by response or non-response).

nonresponder responder

@ variable
204- f_Enterobacteriaceae.g  unnamed
© — — —
'g . 1__Lachnospiraceae.g__unnamed
= f__Ruminococcaceae.g_ Faecalibacterium
ﬁ — —
T Veilonellaceae.g  Dialister
: B m B 9
= - f_Verrucomicrobiaceae g__Akkermansia
w@o2- _' —
T . .f_CIoslridiaceae.g_unnamed
o o I I f__Lachnospiraceae.g_ Coprococcus
00- ] ] . l
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
— ™ o w o L] =T - oo - — 0 o [a3] ™ [}
(] ] ] (=] (=] -— -— — — o (4] [ (=] — (8] (8] (A3
= - E FE F F F FE = = B = = = = -
w w w w w w w w w w w w w w w w

Samples



SUPPLEMENTARY FILES

Supplementary file 1: reads_microbiome_info.xlsx

New
Emory
ID
ST01.00
ST01.03
ST02.00
S$T02.01
ST02.02
S§T02.03
ST02.04
ST02.05
ST02.07
ST02.10
ST02.11
ST02.12
ST02.13
ST03.00
ST03.01
ST03.02
ST05.00
ST05.01
ST05.02
ST05.03
ST05.04
ST05.05
ST05.06
ST05.07
ST05.09
ST05.10
ST05.11
ST05.12
ST06.00
ST06.01
ST06.03
ST07.01
ST07.02
ST07.03
ST07.04
ST07.05
ST07.06
ST07.07
ST08.00
ST08.01
ST08.02
ST08.03
ST08.04
ST08.06
ST08.07
ST08.08
ST08.09
ST10.01
ST10.03
ST10.04

total
reads

97396
105948
116100
109146

97052
114732
340028
155426
119416

90842
103020

66156
127598
175446

79820
159002
233794

83838
126504
157544
216326
129150
170628
138500
186022
128174

92026
232690
126732

5.85E+04

106384
138814
237562

2.90E+04
213950
218250

121544
161918

33184
244156
265254
188384

97082
173716
148696
144552
265138

10652

38524
234088

joined
reads
42339
46074
50812
48568
42887
50692
152899
69325
52027
37660
43010
28019
54905
75028
34694
69498
103898
37696
59007
72117
102216
57117
76356
61282
86858
57298
39829
105237
52926
25153
47874
65642
110024
13043
93723
93562
56482
67632
13357
109335
125316
87830
42190
75188
63771
61106
118369
4741
14732
99367

alignment
fail

17
16
44
38
10
28
122
22
13
25
14
26
21
68
117
36
16
13
23
55
58
42
67
99
40
63
18
130
12
18
53
33
100
7
87
36
46
42
29
117
59
50
49
82
6
54
29
8
48
94

ambiguous
base

oxNoocokRNNoocoooocooooocooooooo

W U _ 0N &
CHOSIPFLPaCPLRESC2S

OO LW OO OO

low
quality

17
25
24
12
23
26
324
41
34
33
38
43
24
103
45
20
39
20
76
116
135
35
30
56
139
171
15
294
42
41
84
97
266
10
69
60
87
57
37
373
177
127
18
51
42
58
54
11
37
61

ok

42305
46033
50744
48518
42854
50638
152390
69262
51980
37602
42958
27950
54860
74857
34532
69442
103843
37663
58897
71925
102002
57040
76259
61127
86656
57046
39796
104773
52872
25094
47717
65489
109624
13026
93567
93466
56333
67533
13287
108779
125030
87620
42123
75055
63723
60994
118286
4719
14638
99212

pct
ok

99.92
99.91
99.87
99.90
99.92
99.89
99.67
99.91
99.91
99.85
99.88
99.75
99.92
99.77
99.53
99.92
99.95
99.91
99.81
99.73
99.79
99.87
99.87
99.75
99.77
99.56
99.92
99.56
99.90
99.77
99.67
99.77
99.64
99.87
99.83
99.90
99.74
99.85
99.48
99.49
99.77
99.76
99.84
99.82
99.92
99.82
99.93
99.54
99.36
99.84
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ST10.06
ST10.08
ST10.09
ST11.00
ST11.02
ST11.03
ST12.00
ST12.01
ST12.02
ST12.03
ST12.05
ST12.06
ST13.00
ST13.01
ST13.02
ST13.04
ST13.05
ST13.06
ST13.07
ST13.08
ST13.09
ST13.10
ST13.11
ST14.00
ST14.01
ST14.02
ST14.03
ST14.04
ST14.06
ST14.09
ST17.00
ST17.01
ST17.02
ST17.03
ST17.04
ST17.05
ST17.06
ST17.07
ST18.01
ST18.02
ST18.03
ST18.04
ST18.05
ST18.06
ST18.07
ST18.08
ST18.09
ST19.00
ST19.01
ST19.03
ST21.01
ST21.02
ST21.04
ST21.05
ST21.06
ST21.07
ST21.08

132838
206684
207790
166374
286536
200370
262350
184700
269382
268572
207838
89688
60610
102058
126748
199566
153422
9.55E+04
76248
182774
1.63E+05
132622
171412
40468
154646
3223248
189242
209560
127370
172956
88196
314670
39674
172264
166040
218126
156614
111190
93272
59180
24622
48202
182206
91510
225908
131258
107112
145666
103476
1.67E+05
179408
181002
173736
34744
118476
172040
70664

54870
86612
89355
73305
131384
85340
123341
81699
119376
116905
86552
36901
250006
45072
54170
86944
68340
42601
33697
80965
70337
55206
73220
18716
70373
1451511
82338
92168
55662
74755
40369
141582
15753
79798
78317
99692
67947
46871
44073
25487
10179
21333
80473
40415
95699
55843
48910
63803
48205
73713
76675
79191
77174
15031
49835
75543
31172

17
32
48
90
77
108
65
132
99
128
54
19
72
50
143
102
58
51
16
49
17
37
28
20
39
966
87
133
15
19
43
182
29
89
39
29
26
15
23
14
23
11
28

81
22
21
104
26
70
78
109
83
31
18
102
12

SN
coocococoocoPR_voo

[\
oo WU

509

) - FNEES
DL TR

P — ) = —_ N
cfoococococogzgRiococooco~ro;;000N

46
72
79
237
282
57
215
296
71
97
73
21
76
119
144
229
38
28
18
55
37
29
41
29
161
2381
217
254
23
42
60
399
48
202
64
34
25
19
60
24
17
5
23
18
56
41
77
205
62
30
58
71
41
32
31
357
14

54807
86508
89228
72945
130971
85175
123016
81225
119206
116680
86425
36861
24849
44892
53857
86575
68244
42522
33663
80861
70283
55140
73151
18662
70145
1447655
82001
91734
55624
74694
40251
140926
15673
79484
78191
99629
67896
46837
43977
25449
10138
21317
80422
40390
95562
55780
48797
63458
48099
73613
76539
79011
77050
14968
49786
75044
31146

99.89
99.88
99.86
99.51
99.69
99.81
99.74
99.42
99.86
99.81
99.85
99.89
99.37
99.60
99.42
99.58
99.86
99.81
99.90
99.87
99.92
99.88
99.91
99.71
99.68
99.73
99.59
99.53
99.93
99.92
99.71
99.54
99.49
99.61
99.84
99.94
99.92
99.93
99.78
99.85
99.60
99.92
99.94
99.94
99.86
99.89
99.77
99.46
99.78
99.86
99.82
99.77
99.84
99.58
99.90
99.34
99.92
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ST22.00
ST22.01
ST22.03
ST22.04
ST22.05
ST22.08
ST22.09
ST23.00
ST23.01
ST23.02
ST23.03
ST23.05
ST23.06
ST23.07
ST23.08
ST24.00
ST24.01
ST24.02
ST24.03
ST24.04
ST24.05
ST24.07
ST24.08
ST27.00
ST27.01
ST27.02
ST27.03
ST28.01
ST28.02
ST28.03
ST28.04
ST28.05
ST28.06
ST29.01
ST30.00
ST30.01
ST30.02
ST31.00
ST31.02
ST32.01
ST32.02
ST32.03
ST35.00
ST36.00
ST36.01
ST36.02
ST36.03
ST37.01
ST37.03
ST41.01
ST41.03

102644
74642
130244
169050
180254
130876
2.03E+05
348350
205250
397640
2.21E+05
110106
67692
3.70E+05
158128
223786
1.83E+05
2.01E+05
171384
181668
7340
128232
1.39E+05
124786
178290
268516
250632
8.05E+04
186596
95628
72898
102358
153900
1.31E+05
256518
147908
126752
157716
205714
271532
163644
116812
1.26E+05
121122
121128
199530
198878
29292
8954
164450
126036

44553
32287
58587
68904
79818
55552
86686
153079
93293
178471
97438
47800
28668
158834
69720
102413
82153
90485
77392
75053
3265
54914
58644
55034
81728
114790
110689
35342
82378
43358
33026
45193
71620
58039
112990
63929
57945
68387
90880
117141
71005
50720
55344
53344
52138
88492
85363
12561
3720
70080
53245

41
20
17
45
117
23
87
333
147
67
46
18
11
56
28
77
26
39
31
75

20
41
90
64
144
98
16
13
13
17
13
33
21
74
30
27
27
25
69
305
23
22
18
18
25
31

15
47
32

coococoocoococoococoocoocooRNRocoolNooococoocooRRoocoocooocooRocoocoocoococooB oo

126
14
23
47

222
37
58

616

272

107
68
19
25

102
24

209
36
43
32

105

22
36
241
205
108
90
16
37
19
13
27
108
35
68
35
95
35
32
95
75
34
18
27
34
42
55
14
17
51
53

44372
32253
58547
68812
79431
55492
86541
152052
92832
178297
97324
47763
28632
158676
69668
102086
82091
90403
77329
74873
3264
54872
58567
54672
81431
114538
110501
35310
82328
43326
32996
45153
71457
57983
112848
63864
57802
68325
90823
116977
70625
50663
55304
53299
52086
88425
85277
12541
3688
69982
53160

99.59
99.89
99.93
99.87
99.52
99.89
99.83
99.33
99.51
99.90
99.88
99.92
99.87
99.90
99.93
99.68
99.92
99.91
99.92
99.76
99.97
99.92
99.87
99.34
99.64
99.78
99.83
99.91
99.94
99.93
99.91
99.91
99.77
99.90
99.87
99.90
99.75
99.91
99.94
99.86
99.46
99.89
99.93
99.92
99.90
99.92
99.90
99.84
99.14
99.86
99.84
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New
Emory
ID
ST01.00
ST01.03
ST02.00
S$T02.01
ST02.02
ST02.03
ST02.04
ST02.05
ST02.07
ST02.10
ST02.11
ST02.12
ST02.13
ST03.00
ST03.01
ST03.02
ST05.00
ST05.01
ST05.02
ST05.03
ST05.04
ST05.05
ST05.06
ST05.07
ST05.09
ST05.10
ST05.11
ST05.12
ST06.00
ST06.01
ST06.03
ST07.01
ST07.02
ST07.03
ST07.04
ST07.05
ST07.06
ST07.07
ST08.00
ST08.01
ST08.02
ST08.03
ST08.04
ST08.06
ST08.07
ST08.08
ST08.09
ST10.01
ST10.03
ST10.04
ST10.06
ST10.08

closed
sequences
classified
39143
44114
47024
43474
40866
46853
134399
64708
49560
33906
40172
25668
51254
69542
30912
65243
99323
35464
54552
63321
94760
51649
70481
54061
76768
48857
36582
90130
49638
23338
43130
53579
90241
11146
80826
75299
43961
54957
10235
94280
114244
81902
38701
67660
57801
53716
111245
4226
11219
86061
49146
77699

closed pct
classified
92.53
95.83
92.67
89.60
95.36
92.53
88.19
93.42
95.34
90.17
93.51
91.84
93.43
92.90
89.52
93.95
95.65
94.16
92.62
88.04
92.90
90.55
92.42
88.44
88.59
85.64
91.92
86.02
93.88
93.00
90.39
81.81
82.32
85.57
86.38
80.56
78.04
81.38
77.03
86.67
91.37
93.47
91.88
90.15
90.71
88.07
94.05
89.55
76.64
86.74
89.67
89.82

closed
shannon
4.15
3.63
3.77
4.05
4.53
4.43
5.40
4.77
4.50
4.61
4.04
4.48
4.46
4.39
2.11
3.85
5.61
6.04
5.09
5.46
5.67
5.16
5.27
5.32
5.93
5.33
6.14
5.40
4.05
2.91
3.50
6.44
5.99
6.14
6.11
5.89
6.10
6.16
4.04
5.74
6.29
5.62
3.84
5.32
5.21
5.56
5.98
6.77
6.02
6.38
6.13
6.49

closed
dysbiosis
index
-0.14
0.26
0.03
-0.88
-0.67
-1.10
-0.39
-1.14
-1.02
-1.63
-1.46
-1.16
-1.88
-0.58
-0.47
-0.07
-0.90
-1.10
-0.79
-0.71
-0.61
-0.55
-0.68
-0.84
-1.59
-1.22
-1.47
-2.13
0.52
1.99
0.27
-1.88
-2.24
-2.12
-2.00
-1.51
-1.67
-1.76
0.44
-1.60
-1.32
-0.85
-0.02
-1.53
-2.16
-0.83
-1.15
-2.17
-1.45
-2.50
-2.66
-2.53

median of
10000
subsampled
closed
shannon
3.04
2.59
2.74
291
3.20
3.12
3.89
3.41
3.17
3.30
2.87
3.15
3.16
3.17
1.82
2.82
4.00
4.29
3.60
3.85
4.00
3.72
3.72
3.76
4.19
3.77
4.43
3.82
3.04
2.40
2.75
4.59
4.24
4.43
4.35
4.27
4.38
4.39
2.94
4.08
4.42
3.95
2.73
3.75
3.68
3.92
4.22
497
4.35
4.52
4.39
4.60

median of
10000
subsampled
closed
dysbiosis
-0.16
0.25
0.03
-0.88
-0.67
-0.63
-0.39
-1.15
-1.02
-1.63
-1.46
-1.16
-1.88
-0.60
-0.54
-0.08
-0.92
-1.11
-0.80
-0.72
-0.62
-0.57
-0.70
-0.85
-1.60
-1.23
-1.49
-2.14
0.49
1.94
0.14
-1.90
-2.26
-2.15
-2.02
-1.54
-1.70
-1.78
0.43
-1.62
-1.33
-0.86
-0.02
-1.53
-2.18
-0.84
-1.16
-2.20
-1.48
-2.53
-2.69
-2.57
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ST10.09
ST11.00
ST11.02
ST11.03
ST12.00
ST12.01
ST12.02
ST12.03
ST12.05
ST12.06
ST13.00
ST13.01
ST13.02
ST13.04
ST13.05
ST13.06
ST13.07
ST13.08
ST13.09
ST13.10
ST13.11
ST14.00
ST14.01
ST14.02
ST14.03
ST14.04
ST14.06
ST14.09
ST17.00
ST17.01
ST17.02
ST17.03
ST17.04
ST17.05
ST17.06
ST17.07
ST18.01
ST18.02
ST18.03
ST18.04
ST18.05
ST18.06
ST18.07
ST18.08
ST18.09
ST19.00
ST19.01
ST19.03
ST21.01
ST21.02
ST21.04
ST21.05
ST21.06
ST21.07
ST21.08
ST22.00
ST22.01

80098
59323
109165
73157
109730
67343
108109
101818
74418
32554
18932
38861
47487
74741
62303
35946
29993
75446
64551
48494
66866
17149
63898
1325059
71984
78522
49484
69075
37325
123606
11569
70856
72623
93079
63543
44758
39913
24344
8491
19566
75797
38164
85996
51150
44051
56625
41882
64255
70543
67998
70947
13392
44247
64950
28177
38326
29102

89.77
81.33
83.35
85.89
89.20
82.91
90.69
87.26
86.11
88.32
76.19
86.57
88.17
86.33
91.29
84.54
89.10
93.30
91.84
87.95
91.41
91.89
91.09
91.53
87.78
85.60
88.96
92.48
92.73
87.71
73.81
89.14
92.88
93.43
93.59
95.56
90.76
95.66
83.75
91.79
94.25
94.49
89.99
91.70
90.27
89.23
87.07
87.29
92.17
86.06
92.08
89.47
88.87
86.55
90.47
86.37
90.23

6.12
6.37
6.26
6.38
6.43
6.72
6.28
6.43
6.26
6.13
5.31
6.06
3.38
3.92
4.98
493
5.77
5.74
5.77
5.44
5.92
3.16
4.54
4.55
4.68
5.54
5.56
4.99
5.43
4.76
5.31
4.89
4.75
5.84
5.54
3.83
5.01
5.42
5.37
5.70
5.24
5.13
5.76
5.15
5.33
5.55
5.77
5.52
5.25
4.98
5.01
1.90
5.07
4.39
5.18
5.67
4.39

-2.18
-2.22
-3.11
-2.13
-1.92
-1.90
-1.68
-2.10
-3.04
-2.63
-1.23
-1.46
-0.56
-0.96
-1.57
-2.40
-1.43
-1.30
-2.34
-1.45
-1.53
-0.60
0.22
-0.46
-0.10
-0.21
-1.06
-2.46
-1.43
-0.95
-0.58
-0.22
-0.93
-0.85
-0.60
-1.30
-1.40
-1.13
-0.85
-2.39
-1.29
-1.11
-0.73
-1.47
-0.53
-0.81
-0.95
-1.05
-1.22
-1.68
-1.17
-2.99
-1.07
-1.94
-1.65
-0.55
-1.90

4.34
4.54
4.46
4.55
4.54
4.76
4.42
4.55
4.45
4.39
3.79
4.32
2.50
2.83
3.55
3.47
4.08
4.03
4.27
3.85
4.20
2.47
3.27
3.42
3.41
3.95
3.93
3.58
3.86
3.51
3.87
3.49
3.37
4.15
3.96
2.83
3.57
3.83
3.85
4.16
3.70
3.04
4.09
3.70
3.81
3.94
4.15
3.96
3.70
3.54
3.51
2.33
3.59
3.09
3.70
4.02
3.08

-2.20
-2.24
-3.17
-2.15
-1.93
-1.91
-1.69
-2.12
-3.16
-2.63
-1.25
-1.48
-0.58
-0.97
-1.57
-2.41
-1.44
-1.31
-2.38
-1.47
-1.54
-0.48
0.23
-0.52
-0.35
-0.22
-1.15
-2.47
-1.44
-0.99
-0.60
-0.23
-0.94
-0.86
-0.62
-1.32
-1.42
-1.13
-0.86
-2.42
-1.29
-1.12
-0.74
-1.49
-0.55
-0.82
-0.96
-0.99
-1.23
-1.69
-1.18
-2.97
-1.08
-1.95
-1.66
-0.55
-1.90
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ST22.03
ST22.04
ST22.05
ST22.08
ST22.09
ST23.00
ST23.01
ST23.02
ST23.03
ST23.05
ST23.06
ST23.07
ST23.08
ST24.00
ST24.01
ST24.02
ST24.03
ST24.04
ST24.05
ST24.07
ST24.08
ST27.00
ST27.01
ST27.02
ST27.03
ST28.01
ST28.02
ST28.03
ST28.04
ST28.05
ST28.06
ST29.01
ST30.00
ST30.01
ST30.02
ST31.00
ST31.02
ST32.01
ST32.02
ST32.03
ST35.00
ST36.00
ST36.01
ST36.02
ST36.03
ST37.01
ST37.03
ST41.01
ST41.03

54176
58905
70026
49815
78658
133939
81945
166395
90495
44173
25313
146015
65716
91472
77381
84727
74081
64505
3155
50866
54579
48852
73887
103298
101276
336066
77832
41908
30944
42674
65789
54224
104018
58343
53632
62720
82199
106170
57115
44144
49708
47851
47300
81994
77617
11380
3221
62249
47094

92.53
85.60
88.16
89.77
90.89
88.09
88.27
93.32
92.98
92.48
88.41
92.02
94.33
89.60
94.26
93.72
95.80
86.15
96.66
92.70
93.19
89.35
90.74
90.19
91.65
95.34
94.54
96.73
93.78
94.51
92.07
93.52
92.18
91.36
92.79
91.80
90.50
90.76
80.87
87.13
89.88
89.78
90.81
92.73
91.02
90.74
87.34
88.95
88.59

5.29
5.34
3.51
5.27
5.57
5.51
4.95
5.78
5.93
5.82
6.14
5.42
5.93
5.36
4.98
5.59
5.31
4.064
4.05
4.85
4.74
4.69
5.53
5.99
5.63
3.74
5.00
4.87
4.64
5.10
5.49
3.23
6.09
5.43
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6.01
6.77
5.13
5.35
6.16
6.21
5.82
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-2.62
-1.30
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-1.43
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-1.01
-1.68
-0.88
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-0.32
-0.64
-0.50
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0.17
-1.05
-1.27
-1.49
-1.14
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-1.28
-1.72
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-0.48
-0.65
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-1.32
-0.87
-1.88
-1.41
-1.17
-2.92
-0.81
-1.87
-2.05

3.88
3.75
2.62
3.75
4.06
3.90
3.49
4.17
4.25
4.30
4.52
3.83
4.24
3.77
3.57
4.02
3.81
3.28
2.97
3.47
3.40
3.33
3.92
4.24
3.95
2.43
3.51
3.47
3.28
3.62
3.93
2.77
4.34
3.84
3.13
4.34
4.73
3.73
3.79
441
4.50
4.10
3.86
4.41
4.26
3.60
4.49
4.64
3.52

-2.65
-1.30
-1.02
-0.74
-3.18
-1.49
-1.57
-1.45
-1.36
-2.35
-1.05
-1.65
-1.84
-1.84
-1.02
-1.70
-0.90
-2.28
-3.09
-1.35
-1.61
-0.32
-0.66
-0.51
-0.82
0.13
-1.05
-1.28
-1.50
-1.15
-1.07
-0.72
-1.29
-1.71
-2.09
-1.89
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-1.34
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-2.79
-1.06
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New
Emory
ID
ST01.00
ST01.03
ST02.00
ST02.01
S$T02.02
S$T02.03
ST02.04
ST02.05
ST02.07
ST02.10
ST02.11
ST02.12
ST02.13
ST03.00
ST03.01
ST03.02
ST05.00
ST05.01
ST05.02
ST05.03
ST05.04
ST05.05
ST05.06
ST05.07
ST05.09
ST05.10
ST05.11
ST05.12
ST06.00
ST06.01
ST06.03
ST07.01
ST07.02
ST07.03
ST07.04
ST07.05
ST07.06
ST07.07
ST08.00
ST08.01
ST08.02
ST08.03
ST08.04
ST08.06
ST08.07
ST08.08
ST08.09
ST10.01
ST10.03
ST10.04
ST10.06
ST10.08
ST10.09
ST11.00

denovo
sequences
classified
38775
44594
48593
45677
41795
48526
133555
66374
49356
33423
38875
23431
51369
72721
33419
66660
96632
36416
53792
64570
92459
49985
69239
54631
77845
51090
34492
96452
51544
24469
45532
53617
91903
10451
82501
74308
43782
56542
12725
99586
114433
82705
40407
70254
55669
53838
108013
3952
13638
87387
47152
77678
79869
61289

denovo
pet
classified
91.66
96.87
95.76
94.14
97.53
95.83
87.64
95.83
94.95
88.89
90.50
83.83
93.64
97.15
96.78
95.99
93.06
96.69
91.33
89.77
90.64
87.63
90.79
89.37
89.83
89.56
86.67
92.06
97.49
97.51
95.42
81.87
83.83
80.23
88.17
79.50
77.72
83.72
95.77
91.55
91.52
94.39
95.93
93.60
87.36
88.27
91.32
83.75
93.17
88.08
86.03
89.79
89.51
84.02

denovo
shannon
4.00
3.29
3.95
4.73
4.47
4.58
6.21
4.98
4.43
4.88
4.03
5.04
4.49
5.53
3.14
3.89
5.34
5.90
4.88
5.68
5.61
5.14
5.22
5.62
6.29
6.01
5.40
6.34
4.54
4.13
4.58
6.97
6.92
5.94
6.56
6.42
6.38
6.81
6.05
6.88
6.54
5.70
4.32
6.03
5.00
5.61
5.65
6.28
7.65
6.74
5.94
6.48
6.28
7.45

denovo
dysbiosis
index
-0.07
0.26
0.03
-0.87
-0.66
-0.62
-0.28
-1.14
-1.00
-1.61
-1.43
-1.11
-1.87
-0.50
-0.47
-0.01
-0.86
-1.10
-0.74
-0.67
-0.51
-0.44
-0.61
-0.81
-1.61
-1.24
-1.47
-2.13
0.61
1.74
0.65
-1.88
-2.23
-2.09
-2.00
-1.50
-1.66
-1.76
0.53
-1.59
-1.31
-0.82
0.02
-1.48
-2.13
-0.78
-1.14
212
-1.50
-2.46
-2.62
-2.53
-2.17
-2.16
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ST11.02
ST11.03
ST12.00
ST12.01
ST12.02
ST12.03
ST12.05
ST12.06
ST13.00
ST13.01
ST13.02
ST13.04
ST13.05
ST13.06
ST13.07
ST13.08
ST13.09
ST13.10
ST13.11
ST14.00
ST14.01
ST14.02
ST14.03
ST14.04
ST14.06
ST14.09
ST17.00
ST17.01
ST17.02
ST17.03
ST17.04
ST17.05
ST17.06
ST17.07
ST18.01
ST18.02
ST18.03
ST18.04
ST18.05
ST18.06
ST18.07
ST18.08
ST18.09
ST19.00
ST19.01
ST19.03
ST21.01
ST21.02
ST21.04
ST21.05
ST21.06
ST21.07
ST21.08
ST22.00
ST22.01
ST22.03
ST22.04

113325
72018
114029
69238
109764
104986
75463
31184
23410
37390
49792
77563
65474
35772
28216
76855
60261
47483
67736
17059
64210
1347919
76195
83037
46708
69491
38252
128378
15005
74625
73490
94118
61789
44548
40784
25090
9840
19135
75867
37898
86517
50242
43077
60297
39325
64046
71899
68505
71120
14703
43226
68011
26143
37708
27307
53336
58279

86.53
84.55
92.69
85.24
92.08
89.98
87.32
84.60
94.21
83.29
92.45
89.59
95.94
84.13
83.82
95.05
85.74
86.11
92.60
91.41
91.54
93.11
92.92
90.52
83.97
93.03
95.03
91.10
95.74
93.89
93.99
94.47
91.01
95.11
92.74
98.59
97.06
89.76
94.34
93.83
90.53
90.07
88.28
95.02
81.76
87.00
93.94
86.70
92.30
98.23
86.82
90.63
83.94
84.98
84.66
91.10
84.69

6.96
6.60
7.02
7.49
6.42
7.05
6.65
5.99
7.74
6.45
4.56
5.96
5.59
5.09
5.74
5.86
5.03
5.82
6.63
4.71
4.81
5.31
5.76
6.34
5.24
5.38
6.32
6.12
6.96
5.52
441
5.71
4.93
3.49
4.79
4.99
6.01
4.98
4.65
4.40
5.83
4.73
5.19
6.01
5.56
5.68
5.10
5.38
4.98
3.95
5.21
5.35
4.76
6.19
4.29
5.08
5.87

-2.92
-2.11
-1.92
-1.87
-1.68
-2.09
-3.02
-2.60
-1.25
-1.45
-0.47
-0.94
-1.58
-2.41
-1.40
-1.30
-2.32
-1.41
-1.51
-0.54
0.71

-0.46
-0.29
-0.11
-1.13
-2.42
-1.43
-0.95
-0.60
-0.17
-0.92
-0.83
-0.58
-1.30
-1.42
-1.12
-0.86
-2.37
-1.28
-1.10
-0.67
-1.49
-0.41
-0.81
-0.92
-0.94
-1.22
-1.71
-1.16
-3.03
-1.05
-1.90
-1.04
-0.43
-1.87
-2.62
-1.28
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ST22.05
ST22.08
ST22.09
ST23.00
ST23.01
ST23.02
ST23.03
ST23.05
ST23.06
ST23.07
ST23.08
ST24.00
ST24.01
ST24.02
ST24.03
ST24.04
ST24.05
ST24.07
ST24.08
ST27.00
ST27.01
ST27.02
ST27.03
ST28.01
ST28.02
ST28.03
ST28.04
ST28.05
ST28.06
ST29.01
ST30.00
ST30.01
ST30.02
ST31.00
ST31.02
ST32.01
ST32.02
ST32.03
ST35.00
ST36.00
ST36.01
ST36.02
ST36.03
ST37.01
ST37.03
ST41.01
ST41.03

71460
49839
80502
137141
82447
162901
92838
42252
23466
145305
64980
92906
77259
83549
72862
61270
3123
50201
55101
52346
77233
108736
103921
33625
75994
41743
31427
42229
65128
51587
104852
55352
53795
63047
78372
108840
63695
42633
46302
45186
45726
79388
77714
11516
3590
59881
45277

89.96
89.81
93.02
90.19
88.81
91.36
95.39
88.46
81.96
91.57
93.27
91.01
94.11
92.42
94.22
81.83
95.68
91.49
94.08
95.75
94.84
94.93
94.05
95.23
92.31
96.35
95.24
93.52
91.14
88.97
92.91
86.67
93.07
92.28
86.29
93.04
90.19
84.15
83.72
84.78
87.79
89.78
91.13
91.83
97.34
85.57
85.17

4.64
5.61
5.78
6.37
5.77
5.65
5.95
5.57
5.86
5.84
5.74
6.09
4.79
5.31
5.00
5.75
3.53
5.00
4.92
5.45
6.52
6.61
6.13
3.44
5.25
4.43
5.19
5.11
5.51
3.66
5.95
5.09
4.58
6.44
6.80
5.84
6.85
6.53
5.601
5.88
5.18
591
6.29
4.81
6.69
6.18
4.94

-0.98
-0.67
-3.11
-1.48
-1.57
-1.44
-1.35
-2.32
-0.98
-1.63
-1.84
-1.85
-0.99
-1.70
-0.84
-2.25
-3.08
-1.33
-1.60
-0.30
-0.61
-0.49
-0.79
0.14
-1.02
-1.27
-1.50
-1.14
-1.06
-0.69
-1.26
-1.67
-2.05
-1.87
-1.21
-0.40
-0.71
-0.83
-1.28
-0.86
-1.86
-1.40
-1.15
-2.25
-1.06
-1.90
-2.12
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Supplementary file 2: denovo_and_rarefy_analysis.xlsx

Microbiome method

Analysis Extra notes | Outcome Predictor Closed subsampled
Closed De novo
to 3155 seq
D estimate -0.94 -0.66 -0.91
shannon UC/CD/control pvalue 1E-05 6E-07 7E-05
diagnosis ue estimate | -1.31 -0.85 -0.79
baseli pvalue 8E-05 6E-06 4E-03
t

At baseine o | cstimate | 086 0.89 0.88
tvebiosie | UC/CD/control pvalue | GE-08 2E-11 2E-11

’ diagnosis e | estimate | 175 1.73 1.8
Table S3 — pvalue 4E-15 2E-16 2E-16
cases vs. controls D estimate -0.72 -0.52 -0.69
shannon UC/CD/Control pvalue 7E-03 3E-09 6E-06

diagnosis ue estimate -0.98 -0.65 -0.5

pvalue 2E-03 1E-05 0.02

average op | estimae | 067 0.69 0.69
dvshiosis UC/CD/Control pvalue 3E-07 9E-11 1E-10

Y diagnosis e | estimate | 138 1.36 1.41
pvalue 3E-10 3E-09 5E-09

cases + . o estimate 260 250 243

calprotectin dysbiosis
controls pvalue 4E-04 9E-06 1E-05
Table S5 - -
timat 286 274 256
associations with calprotectin dysbiosis cetimate | )
calprotectin cases only pvalue 3E-04 E-04 E-04
PCDAI dvsbiosi estimate 5.37 5.31 5.18
rsbiosis

! pvalue | 1E-04 9E-04 1E-03
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CHAPTER V. Discussion

Common themes emerge in studies of disparate diseases with gastrointestinal
involvement.

Inflammatory bowel disease (IBD) and classic galactosemia (CG) are very different
diseases. Though monogenic forms of IBD exist, in most cases there is no single causative
gene. Studies have therefore taken a multi-pronged approach to understanding IBD,
investigating the underlying genetics but also focusing a great deal on environmental
exposures that may contribute. The cause of CG—mutations in the galactose-1-phosphate
uridylyltransferase gene that result in null or very low activity of GALT—has been known
for decades, but the mechanism underlying the pathophysiology of disease is still unknown.
It is likely CG could benefit from a broader inquiry to identify environmental exposures and
genetic factors outside of the GALT gene that contribute to the range of secondary health
outcomes.

In both diseases, since the cause of severity is unclear, successful prognosis or
intervention is also difficult. More hypothesis-generating experiments should be conducted
to survey different potential routes of toxicity. My dissertation work has provided new
perspectives on CG and IBD research, and some common themes will be important to

research moving forward.

Integration of multiple data sets
Though increases in sample size will continue to improve the power of genetic

studies, efforts should be taken to integrate multiple -omics data sets including
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metabolomics, transcriptomics, metagenomics, and exposomics, to get a more complete
picture of the biological processes involved in disease.

One example of this need is that microbiome studies in IBD should not be
performed without considering what we know about the host genetic architecture of disease.
Studies have so far focused on contributions of small numbers of candidate genes. An early
study of Nod2-deficient mice found increased bacterial load in feces and terminal ileum as
well as decreased resistance to colonization by pathogenic bacteria. The authors also found
that expression of Nod2 was influenced by the presence of commensal bacteria'. Increased
bacterial load has also been found in Crohn’s disease patients homozygous for NOD2
mutations”. A study of CD patients with homozygous FUT2 mutations, another IBD-
associated gene, found shifts in microbiome structure explained by FUTZ as well as disease-
by-genotype interactions for several bacterial groups’. One study of a large pediatric IBD
cohort with genotype and microbiome information investigated associations between the
two, but the thousands of host genetic loci and thousands of bacterial species in the
microbiome present substantial problems when cortecting for multiple tests*. Until sample
sizes grow large enough, current knowledge such as the findings in mouse studies should be
leveraged to correct for host genotype as a potential confounder in analyses. Microbiome
research should also not only be limited to bacteria—viruses and fungi are important
components of the human microbiome and human health™".

Diet is another important data point that often gets overlooked, likely in part because
of the complexity of data collection. However this information is vital to collect because of
the impact diet itself can have on GI function and symptoms, as well as the microbiome””.

Longitudinal data will also be critical to meaningful findings in these multi -omics

projects, to help understand these systems over time. For example, we found that while the
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IBD-characteristic dysbiosis index decreased over time with treatment, it did not decrease to
levels seen in controls. However, the therapeutic importance of this observation is unclear
since the dysbiosis index did not clearly associate with treatment outcome”. This interestingly
parallels recent genetic research which found that genetic loci that associate with treatment

1. But more

outcome are mostly distinct from the loci which associate with disease diagnosis
importantly this suggests that addressing components of the dysbiosis index may not be
enough to improve outcomes; there are likely microbiome components associated with

treatment outcome and treatment should be focused on those groups rather than the

dysbiosis index microbes.

Pursuit of the gut microbiome as an attractive therapentic target with relatively simple interventions

An early goal of microbiome research has been manipulation of bacterial populations
to treat dysbiosis relative to control individuals. Supplementation of healthy bacteria via
probiotics has shown some beneficial effects in a variety of GI disorders''. A more radical
treatment involving fecal microbiota transplant (FMT) derived from a healthy subject into
another with a severely disrupted microbiome has shown success resolving antibiotic-
induced Clostridinm difficile infection in mouse models'? as well as in the clinic. Studies of
FMT used a treatment for patients with C. djff infection consistently show resolution of
disease in more than 80-90% of cases"'". The benefits shown to be possible via intervention
targeted to the microbiome and the relative non-invasiveness of therapy have led to clinical
trials of FMT in many diseases'”, even before the role of the microbiome is clearly
understood. This is the case in IBD, where results in Crohn’s disease—Dbut not ulcerative

colitis—have been promising, with a pooled estimate of clinical remission of 60%".
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However, studies have been small and difficult to compare due to differences in approach,
so increasing sample size and standardizing procedures will be important to interpret results.

The gut microbiome has not yet been studied in CG, but would be interesting for
multiple reasons. Individuals with CG have a fundamentally different diet compared to those
without CG due to the necessity to avoid galactose-containing foods. Beyond dietary
differences, it is additionally possible that the specific metabolic defect in CG, GALT
deficiency, further modifies the gut microbiome. UDP sugar substrate pools are disrupted in
CG compared to controls, leading to defects in glycosylation which may impact the mucosal
layer of the gut. This in turn could compromise gut barrier function and commensal bacterial
population structure (reviewed in '’). Beyond improving GI symptoms, studying and treating
any abnormalities in gut microbiome in CG could potentially improve developmental

1819 and one

outcomes. Experiments have shown effects of microbiome transfer on behavior
study using a maternal-immune-system-induced mouse model of autism even showed

resolution of stressed and repetitive behaviors using a single bacterial species administered as

a probiotic at weaning®’.

Need for mechanisms

Dextran sodium sulfate (DSS) has been used for years to induce IBD-like intestinal
inflammation in mice. However, in classic galactosemia research, Ga/t knockout mice
repeatedly failed to recapitulate acute or long-term disease symptoms despite high amounts
of galactose exposure. With the advent of CRISPR as a reliable, simpler method of
introducing knockouts, the Fridovich-Keil lab knocked out GALT in a rat strain and have

seen phenotypes similar to humans emerge (data not published). In both CG and IBD,
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findings from studies of genetics, diet, and environmental factors like the gut microbiome

should be examined in available model systems to better understand causal mechanisms.

From studying gastrointestinal health in multiple contexts, we can gain
general knowledge of pathophysiology of GI issues; this can in turn improve disease

prevention, prognosis, and treatment.
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