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Background: Inflammatory bowel disease (IBD) development is a complex, multifactorial process that involves extrinsic and intrinsic factors
such as host genetics, the immune system, the gut microbiome, and environmental risks. To help understand the genetic contribution of clinical,
behavioral, psychiatric, and diet-related traits, we aim to provide a deep and comprehensive characterization of the shared genetic architecture
between IBD and hundreds of potentially related traits.

Methods: Utilizing publicly available summary statistics from a previously published IBD genome-wide association study and hundreds of traits
from the United Kingdom BioBank (UKBB), we performed linkage disequilibrium score regression (LDSR) analysis to estimate cross-trait genetic
correlations between Crohn's disease (CD), ulcerative colitis (UC), and IBD summary statistics with the UKBB traits of interest.

Results: Nominally significant (P < .05) genetic correlations were observed for 181 traits in overall IBD, 239 traits in CD, and 94 traits in UC. We
replicate the known association between smoking behavior and CD/UC, namely that current tobacco smoking has a positive genetic correlation
with CD (rg = 0.12, P=4.2 x 104), while “ever smoking” has a negative genetic correlation with UC (rg = =0.07, P =.042). Globally, all 3 strata
(IBD, CD, and UC) demonstrated increased genetic correlations for psychiatric-related traits related to anxiety and depression.

Conclusion: The present analysis reveals the shared genetic architecture between multiple traits and IBD, CD, and UC. Understanding the rel-
evance of joint occurrences of IBD with psychiatric diseases may moderate management of these diseases for individuals jointly affected by
them.

Lay Summary
This study provides an atlas of the genetic correlation between hundreds of United Kingdom Biobank (UKBB) traits with inflammatory bowel
disease (IBD), Crohn's disease (CD), and ulcerative colitis (UC). Notable strong correlations are seen between IBD and various psychiatric traits.

Key Words: genetic correlation, GWAS, psychiatric comorbidities

Introduction variable response of particular groups of patients to first-
and second-line treatments.*

Infl tory bowel di IBD) i ldwide health-
nflammatory bowel discase (IBD) is a worldwide hea Part of this variability may be explained by the fact that

care problem that is characterized by chronic, relapsing BD | b hol | 1 s
intestinal inflammation. In North America, the estimated 1s a heterogeneous pathology along several axes.

prevalence of Crohn’s disease (CD) and ulcerative colitis Patients with CD, for example, may experience diverse clinical
(UC), the 2 main forms of IBD, are around 300 per 100 000 manifestations with regard to disease location and behavior,
peopie I Inflammatory bowel’ disease is often diagnosed disease progression, perianal involvement, extraintestinal

in early adulthood and can lead to a decreased quality of manifestations, histopathology, and disease response to var-
. PP . .
life, in addition to increased risks of anxiety and depres- ious therapies.® This heterogeneity may be explained by

sion.? Additionally, the life expectancy of patients with IBD the complex .develop ment Of_ IBD, v_vhic_h is a multifactorial
is reduced by 5.0 to 8.1 years compared with individuals ~ Process thgt 1nvolyes extrinsic and intrinsic f‘actor's, such as
without IBD.? Despite treatment advances in recent years, hOSF genetics, th.e immune system, the sut mlcroblome, and
many patients with IBD experience severe disease that env1rqnmental rlsk§.7’8 The FOle of genetics in IBD dev§lop-
requires aggressive or invasive treatment, such as total pa- ment is well-established, with up to 12% of IBD patients

rental nutrition (TPN) or extensive surgery, highlighting the having a family history of IBD.” Family and twin studies have
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Key Messages

e Epidemiological studies have individually characterized
the roles of risk factor groups (eg, smoking behavior,
diet, etc.) in the development and progression of inflam-
matory bowel disease.

e Qur study provides a comprehensive atlas of genetically
correlated traits of different categories (eg, diet-related,
psychiatric, comorbid clinical conditions) with inflamma-
tory bowel disease, Crohn’s disease, and ulcerative coli-
tis.

e A significant positive genetic correlation is observed be-
tween inflammatory bowel disease and psychiatric dis-
ease burden.

shown that host genetics play a greater role in CD compared
with UC etiology, with first-degree relatives of CD patients
experiencing greater risk of IBD than first-degree relatives of
UC patients.” Since the first genome-wide association study
(GWAS) of IBD was performed in 2005,'° additional GWAS
have identified >230 single nucleotide polymorphisms (SNPs)
associated with IBD and helped to characterize the roles of
the immune system in IBD development.'"'3 For example, al-
tered epithelial barrier function contributes to intestinal in-
flammation in patients with UC, and altered innate immune
responses are more closely associated with CD development.'*

Although genetic susceptibility is an important IBD risk
factor, environmental risk factors, such as diet or smoking
behaviors, also play an important role.'* Associated environ-
mental factors encompass a breadth of potential risk factors,
ranging from early-life exposures (eg, mode of childbirth,
breastfeeding, antibiotic exposure) to later-life exposures (eg,
smoking, life stressors, diet, lifestyle).!> Data point to a dif-
ferential association between smoking and CD vs UC, with
current smoking positively associated with CD and smoking
cessation positively associated with UC." Diet is another im-
portant factor in IBD risk, with saturated fats and low vi-
tamin D levels associated with increased incident IBD.'®

The current IBD treatment landscape includes a broad ther-
apeutic armamentarium, but the current treatment algorithm
may not reflect all of the advances made in understanding
the genetic and environmental etiology of IBD.'” Providing
personalized care to patients will depend on parsing through
the heterogeneity of the diseases to identify predictors for dis-
ease course and therapeutic response.!'” To help decompose
this heterogeneity, we aim to provide a deeper and more com-
prehensive characterization of the shared genetic architec-
ture between IBD overall, and CD and UC individually, with
hundreds of potentially related traits using GWAS summary
statistics. Focusing on understanding the genetic architecture
behind IBD codevelopment with other traits may provide
additional information compared with studying individual
phenotypes in isolation.'® While other studies have performed
epidemiological and genetic investigations into partic-
ular traits of interest, to our knowledge no other study has
performed wide-scale, cross-trait analysis of hundreds of clin-
ical, behavioral, psychiatric, and diet-related traits with IBD
risk. The present study uses a statistical framework known as
cross-trait linkage disequilibrium score regression (LDSR) to
fill this gap in knowledge. Linkage disequilibrium score regres-
sion utilizes GWAS summary statistic data to identify genome-
wide genetic correlations across traits of interest, using SNP

effect estimates to calculate genetic cocorrelation (r,) between
traits.'” As has previously been shown in lung cancer, using
this method to investigate the disease of interest (IBD) in the
context of hundreds of potential disease codevelopment traits
can provide important etiological insights into the disease of
interest.!® In the present study, we quantify the association
between genetically influenced clinical, behavioral, psychi-
atric, and diet-related traits and the risk of IBD, CD, or UC
using publicly available summary statistics from prior IBD
GWAS and LDSRs to estimate cross-trait genetic correlations.
We aim to confirm prior associations between important risk
factor or outcome traits with IBD and to identify potentially
novel phenotype-trait associations.

Materials and Methods

Summary Statistics for Inflammatory Bowel
Disease

The IBD, CD, and UC summary statistics used in the present
study are previously published and publicly accessible.!?
The complete methods have been published previously!? but
are presented here in brief. Following ethical approval by
Cambridge MREC, 11 768 UK IBD cases determined by ac-
cepted endoscopic, histopathological, and radiological diag-
nostic criteria were consented and genotyped on the Human
Core Exome v12.1 chip.!? In total, 10 484 population con-
trol samples were obtained from the Understanding Society
Project, and these samples were genotyped on the Human Core
Exome v12.0 chip.!? Genotypes were called using optiCall,
and SNP-level quality control was performed by removing
variants with the following criteria: not observed on both
versions of the chips, missingness >5 %, significant differences
in call rates between cases and controls, deviated from Hardy-
Weinberg equilibrium in controls, or affected by genotyping
batch effect.'> Sample-level quality control involved removing
samples with missingness >1%, heterozygosity +/- 3 SD from
the mean, mismatch between reported and genotyped sex,
and non-European samples identified through principal com-
ponent analysis (PCA) with HapMap3 populations.'? After
these quality control steps were completed, the final cohort
included data for 4474 patients with CD, 4173 patients with
UC, 592 patients with IBD-unclassified cases, and 9500 con-
trol samples directly genotyped at 296 203 variants.'> The
SNP imputation into these data was done from the HapMap3
reference panel, yielding approximately 1.1 million loci for
association testing.!? The association summary statistics used
in the present study include all IBD cases for the IBD cohort
(CD, UC, and IBD-unclassified cases), CD patients only for
the CD cohort, and UC patients only for the UC cohort.

Behavioral, Diet-related, Psychiatric, and Clinical
Trait Accession From United Kingdom Biobank
Genome-Wide Studies

Behavioral, diet-related, psychiatric, and clinical traits used
in the cross-trait LDSR analyses were obtained from the
United Kingdom Biobank (UKBB). The UKBB is a large pro-
spective study and health data repository with over 500 000
participants aged 40 to 69 years when recruited from 22 sites
across the UK from 2006 to 2010.2° The UKBB collected ex-
tensive phenotypic and genotypic detail about participants,
including data from surveys, physical measurements, sample
assays, accelerometry, multimodal imaging, genome-wide
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genotyping, and longitudinal follow-up for a broad range
of health-related outcomes.?’ At the time of recruitment, in-
formation on food consumption frequency was collected
via a touchscreen questionnaire. Participants were asked to
report their current (ie, at time of recruitment) intake fre-
quency of a range of common food and drink items, ranging
from vegetable intake to meat and dairy intake. The UKBB is
open-access and available freely to researchers who seek to
use it to conduct health-related research for public benefit.?’
Each of the over 500 000 participants in the UKBB has been
genotyped, 90% of which used a custom Affymetrix UKBB
Axiom array.'?° The array assayed approximately850 000
SNPs across the genome, which were then used to impute
9.1 million SNPs through a collaboration with the Wellcome
Trust Center for Human Genetics.'®?° The GWAS was
conducted using the imputed data, and summary level sta-
tistics are publicly available (http:/nealelab.github.io/UKBB_
ldsc/downloads.html#reference_files). The data used in this
study were obtained from the second batch of UKBB GWAS
results published online (updated August 2018).

Harmonization and Quality Control With SNP
Filtering

Using an approach that we have previously published,'® we
harmonized the publicly available GWAS summary statistics.
The final data set included summary statistics from the UKBB
for behavioral, diet-related, psychiatric, and clinical traits that
met specific confidence criteria, as outlined by the Neale lab.
First, confidence in the hg2 (genetic heritability) is evaluated
by determining the minimum effective sample size (N ;) with
a useful level of power to detect genetic heritability. Expected
standard errors (SEs) are modeled as a function of sample
size, which is then used for power analysis. Traits with a fa-
vorable N >40 000 are considered “high” confidence. In ad-
dition to selecting traits with “high” confidence, a P value can
also be determined by comparing the expected distribution of
h ? to the actual distribution of h .* Only traits with a highly
significant P value (P < 3.17 x 10~) as previously described’
were included in our analysis as a quality control step. Each
selected UKBB summary statistic contained SNP-level effect
sizes (beta) for each trait, along with Z scores calculated by
dividing beta by the standard error. Finally, as an additional
quality control measure, we filtered the imputed SNPs from
the UKBB to include only those autosomal SNPs with a minor
allele frequency (MAF) greater than 1% and an imputation

IBD GWAS Summary Statistics
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quality INFO score greater than 0.90.'® Additionally, SNPs
that were not in HapMap3 with a minor allele frequency less
than 5% in European populations were removed, which is
in line with previously published methods.'®*! All summary
statistics were harmonized to a final format understandable
by LDSR, which includes the variant-specific RS number, the
effect and noneffect alleles, the sample size, a P value, and
a signed summary statistic. In the final analysis, 1 045 095
common SNPs were included for IBD and the UKBB traits.
Similarly, there were 1 045 070 common SNPs for CD and
the UKBB traits and 1 045 057 common SNPs for UC and
the UKBB traits.

Linkage Disequilibrium Score Regression to
Estimate Genetic Correlations and Heritability

Using the harmonized summary statistics, we estimated
genome-wide cross-trait genetic correlations between the
UKBB traits with IBD, CD, and UC using LDSR (Figure 1).
Linkage disequilibrium score regression leverages patterns of
linkage disequilibrium (LD) between SNPs across the genome
to infer a shared genetic basis between traits.!”?! For each
SNP in the genome, an LD score is calculated that captures
the extent of pairwise LD between a given SNP and other
SNPs in the genome. The LD scores were derived from the
HapMap3 reference panel of individuals with known gen-
otype information. Linkage disequilibrium score regression
was then used to calculate the genetic correlation between
2 traits by regressing the product of SNP z scores (Z . X
Z,.) against the SNP’s calculated LD score.?! The slope of
the regression estimates the genetic covariance between the
2 traits of interest, and this genetic covariance is converted
to a genetic correlation value (r,) by normalizing genetic co-
variance by the calculated heritability of the 2 compared
traits.! The intercept term accounts for genomic inflation,
serving to decrease biases that may arise from population
stratification and cryptic relatedness.?’»?? In the present study,
we utilized a cross-trait LDSR model that included an in-
tercept to account for hidden biases that may arise due to
the instability of LD scores in European subpopulations, as
previously described.!® Traits achieving at least nominal sig-
nificance (P < .05) were analyzed in the present analysis, and
Bonferroni correction for multiple comparisons (denoted as
Bonferroni P value and calculated by multiplying the P value
by the number of associations) is included in Supplementary
Tables 1-3.

Calculate IBD
RSID Effect | EffectAllele Beta p-value Z-scores
Allele Frequency
IBD, CD. and UC patients _, | ™ | |7 R R N Linkage Disequlibrium Score
9,239 patients with IBD rs2 T 02348 03542 02134 </> Regression
9,500 patients without IBD %
rs3 G 0.9834 0.1345 0.0234 Genetic correlation:
r,=—22
UKBB Trait Summary Statistics Calculate UKBB 2
z-scores 1
RSID Effect Effect Allele Beta p-value
United Kingdom Biobank el B @‘2’ where:
United Kingdom Biobank = S
502,492 Vo|unteers —_— 1 A 0.0020 0.5323 0.0523 —_— /‘/\) pg = genetIC covariance
545 traits rs2 T 0.1239 -0.3452 0.0234 h = SNP-based heritability
rs3 G 0.0345 -0.2435 0.3458

Figure 1. Graphical representation of analytical workflow to obtain genetic correlations (r ) via LDSR. Note: Example data were used in the tables to

illustrate the data structure. Figure adapted from Pettit et al. (2021)."®
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Results

Heritability of IBD, CD, and UC and Genetic
Correlation Between CD and UC

Using LDSR to calculate SNP-based heritability (Figure 1), we
found the heritability of IBD to be 29.6%, with a standard
error of 2.6%. The estimated heritability of CD and UC were
41.8% = 4.4% and 24.5% = 2.3%, respectively (Figure 2).
The estimated heritability of the 545 UKBB traits modeled
using LDSR appear in Supplementary Tables 1 to 3. The pair-
wise genetic correlation between CD and UC is 0.62 (x0.03;
P=1.51x107).

Genetic Correlations Between IBD and Behavioral
Traits

The cross-trait genetic correlation (r,) was determined be-
tween IBD, CD, and UC and various traits related to smoking,
alcohol use, lifestyle, and educational attainment (Figure
3). A P value (p,) calculated by multiplying the original P

O Q ]

2 [$) N

o o o o o
- N w ES o

Total observed scale heritability (h2)

o
o

Figure 2. Total observed scale heritability (h2) for IBD, CD, and UC.

Alcohol drinker status: Previous

Alcohol drinker status: Never

Current tobacco smoking

Smoking status: Current

Alcohol intake versus 10 years previously

Ever smoked

‘Smoking status: Never

Average weekly red wine intake

Reason for reducing amount of alcohol drunk: Other reason
Average weekly champagne plus white wine intake
Age started smoking in former smokers

value by the number of analyzed traits (7 = 545) for traits
reaching Bonferroni-corrected significance is included; traits
without a P, value did not reach Bonferroni-corrected signif-
icance. Current tobacco smoking and current smoking status
were positively correlated with CD (r,=0.12, P =4.2 x 10
4 r,=0.11, P=14x 1073, respectively), while the smoking
status “never” was negatively correlated with CD (r, = -0.09,
P =2.5 x 107%). The presence of smoke or smokers in the house-
hold and ever smoking were negatively correlated with UC
(r,=-0.22, P=4.7 x 10% r, = -0.07, P =.042, respectively).
Current alcohol drinking was negatively correlated with IBD
and CD (r,=-0.13, P=2.4x 107 r, = -0.18, P = 5.0 x 107,
P, = 0.027, respectively), while previous alcohol drinking was
positively correlated with IBD and CD (r, = 0.15,P = 5.4 x 10
3 r,=0.18, P =9.2 x 10+, respectively).

Next, we investigated lifestyle and educational attainment
traits. Traits such as time spent watching television (TV) and
time spent outdoors in summer were positively correlated
with CD (r =0.09, P=3.0x10% r =0.09, P=8.1x 10
3, respectively). The self-reported educational attainment
traits come from the UKBB, meaning educational attain-
ment metrics follow the United Kingdom’s schooling schema.
Professional qualifications (eg, nursing, teaching) were nega-
tively correlated with IBD and CD (r,=-0.14, P=1.3 x 10°
4 r, = -0.16, P=3.1x10% P, =1.7x1073, respectively).
Additionally, obtaining a college/university degree was nega-
tively correlated with IBD and CD (r,=-0.11,P=2.3 x 104
r,=-0.15, P =2.4x10% P, = 1.3 x 107, respectively). Fluid
intelligence score was negatively correlated with IBD, CD,
and UC (r,=-0.11, P=5.3x 10% r,=-0.12, P=3.6 x 10-
4 r =-0.9, P=.011, respectively). Al traits with at least 1
nominally significant (P <.05) genetic correlation are shown
in Figure 3 and the absolute value of differences in the genetic
correlation between CD and UC are shown in Supplementary
Figure 1.

‘Smoking/smokers in household
Alcohol drinker status: Current

Transport type for commuting to job workplace: Car/motor vehicle

Time spend outdoors in summer

Time spent watching television (TV)

Why stopped smoking: Health precaution

Drive faster than motorway speed limit

Hands-free device/speakerphone use with mobile phone in last 3 month
Time spent using computer

Leisure/social activities: Religious group

Plays computer games

Qualifications: CSEs or equivalent

Year ended full time education
Qualifications: O levels/GCSESs or equivalent
FI8 : chained arithmetic

Fl4 : positional arithmetic

F16 : conditional arithmetic

Qualifications: College or University degree
Fluid intelligence score

uoineonp3

| [ Bunjows/joyody |

|| Jomneyeg

Qualifications: A levels/AS levels or equivalent
Age completed full time education
eg: nursing, teaching

Qualificati Other

-0.1 0.0 0.1 0.2

< CD = |IBD = UC

Figure 3. Forest plot showing genetic correlations (r ) for alcohol/smoking, behavior, and education related traits. Note: Only traits with at least 1

nominally significant (P < .05) genetic correlation are shown.
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Genetic Correlations Between IBD and Diet-related
Traits

Next, the cross-trait r, was determined between IBD, CD, and
UC and several diet-related traits (Figure 4). Major dietary
changes in the last 5 years because of illness were positively
correlated with IBD, CD, and UC (r,=0.19, P=1.1x 10
6 P, =6.1x10% r_019 P= 42x107 P, =2.3x10%
r,= 0 15, P=1.6x 103 respectively). Bread mtake was pos-
1tlvely correlated with UC (r,=0.09, P=8.3x10 3). Cereal
type of “other (e.g., Cornflakes, Frosties),” white bread type,
salt added to food, and soft tub margarine nonbutter spread
type were all positively correlated with CD, while muesli ce-
real type, whole meal or wholegrain bread type, ground coffee
type, fresh fruit intake, fish oil use, salad and raw vegetable
intake, and coffee intake were all negatively correlated with
CD. Dried fruit intake and fresh fruit intake were negatively
correlated with IBD (r,=-0.11, P=3.5x107, P, =.019;
r,=-0.06, P =.044, respectrvely) All traits w1th at least 1
nominally significant (P <.035) genetic correlation are shown
in Figure 4.

Genetic Correlations Between IBD and Psychiatric
Traits

We next analyzed the cross-trait r, between IBD, CD, and UC
and several psychiatric-related traits (Figure 5). Globally, a
strong qualitative genetic correlation was observed across
IBD, CD, and UC for most of the analyzed traits, many
of which focus on traits related to anxiety and depres-
sion. A strong positive genetic correlation was observed
for a trait describing recent easy annoyance or irritability
for IBD, CD, and UC (r,= 0.21, P=2.0 x 10% r_=0.20,
P=1.6x10% r, =0.18, ‘p=o. 3 x 1073, respectively). A
strong positive genetlc correlatlon was also observed for a
trait describing being tense or “highly strung” with IBD, CD,
and UC (r,=0.15, P=1.2x10¢, P, = 6.8 x 10% r = 0.09,

Shaw et al
P=2.8x107 r—018 P=22x10¢, P—12><10’3
spectively). Furthermore a posmve genetlc correlat10n

was observed between the trait “seen a psychiatrist for
nerves, anxiety, tension or depression” and IBD, CD, and
UC (r =0.13, P=1.6x10% r, =0.14, P= 16x10i

- 8.7 107 r, = 0.10, P = .01, respectlvely) Additional
trarts with a posmve genetic correlation with IBD, CD, and
UC include worrying more than others in similar situations,
seeing a general practitioner for nerves, anxiety, tension,
or depression, prolonged feelings of sadness or depression,
mood swings, and unenthusiasm/disinterest in the last 2
weeks, among several other traits. All traits with at least 1
nominally significant (P < .05) genetic correlation are shown
in Figure 5.

Genetic Correlations Between IBD and General
Wellness Traits

Next, we analyzed the cross-trait r between IBD, CD, and UC
and various traits related to general wellness, which broadly
includes traits that did not fit into the other categories (Figure
6). A positive correlation was observed between IBD, CD,
and UC and bowel cancer screening (r, = 0.28, P =2.0 x 10
8P_llxlO’r_OZIP 28xlO%P 0151‘—030
P= 5 7x107, P, =3.1x10%, respectlvely) S1gn1ﬁcant pos-
itive correlat1ons were also observed for IBD, CD, and UC
with traits related to work status, such as “attendance/dis-
ability/mobility allowance: disability living allowance” and
“current employment status: unable to work because of
sickness of disability.” A negative correlation was observed
for IBD and CD with the trait “types of physical activity in
last 4 weeks: strenuous sports” (r,=-0.14, P=6.1x 107
r,=-0.15,P=9.2x10* respectlvely) A 31gn1ﬁcant negative
correlatlon was also observed for usual walking pace and the
trait “types of physical activity last 4 weeks: other exercises
(eg: swimming, cycling, keep fit, bowling)” for IBD, CD, and

Major dietary changes in the last 5 years: Yes, because of illness <: . SE—
Cereal type: Other (e.g. Cornflakes, Frosties) <: —_—
Salt added to food 1 —_—
Bread type: White <‘ e
Bread intake ! —
Non-butter spread type details: Soft (tub) margarine ® ,‘ t.—
Salad / raw vegetable intake 4.:05 ®
Fresh fruit intake L :
Bread type: Wholemeal or wholegrain — :
Mineral and other dietary supplements: Fish oil (including cod liver oil) ¢ \
i
Coffee intake ———e— 1
—_— ]
Coffee type: Ground coffee (include espresso, filter etc) S~ S— 1
d i
Major dietary changes in the last 5 years: No —0:.— {
—_— ]
Cereal type: Muesli *.:.— hd ! S
'
Dried fruit intake — ¢ {
b4 '
Number of diet questionnaires completed —.e—. :
Invitation to complete online 24—hour recall dietary questionnaire, acceptance . S— 3
hd ;
-0.2 -0.1 0.0 0.1 0.2

rg +/- se
+ CD = IBD = UC

Figure 4. Forest plot showing genetic correlations (r ) for diet-related traits. Note: Only traits with at least 1 nominally significant (P < .05) genetic

correlation are shown.
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Ever worried more than most people would in similar situation
Seen doctor (GP) for nerves, anxiety, tension or depression
Frequency of depressed mood in last 2 weeks

Physical violence by partner or ex-partner as an adult

Seen a psychiatrist for nerves, anxiety, tension or depression
Ever had prolonged feelings of sadness or depression

Mood swings

Frequency of unenthusiasm / disinterest in last 2 weeks
Recent feelings of foreboding

Anxiety, nerves or generalized anxiety disorder
Recent inability to stop or control worrying
Neuroticism score

Recent feelings of depression

Ever felt worried, tense, or anxious for most of a month or longer

Substances taken for depression: Medication prescribed to you (for at least two weeks)
Recent feelings of tiredness or low energy

Repeated disturbing thoughts of stressful experience in past month

Frequency of tenseness / restlessness in last 2 weeks

Recent worrying too much about different things

Avoided activities or situations because of previous stressful experience in past month
Irritability

Fed-up feelings

llinesses of siblings: Severe depression

Loneliness isolation

Mental health pi ever di; by a pr 1

Recent lack of interest or pleasure in domg things

Ever unenthusiastic/disinterested for a whole week

Ever sought or received professional help for mental distress

Miserableness

Mental health pt ever di by ap

Sleeplessness / insomnia

Recent poor appetite or overeating

Weight change during worst episode of depression: Stayed about the same or was on a diet
Belief that own life is meaningful

Bipolar and major depression status: No Bipolar or Depression

-0.1 0.0 0.1 0.2
rg +/- se
+ CD « IBD = UC

Figure 5. Forest plot showing genetic correlations (rg) for psychiatric traits. Note: Only traits with at least 1 nominally significant (P < .05) genetic

correlation are shown.

UC (except latter trait in UC). Interestingly, a positive genetic
correlation was observed between BMI at time of UKBB as-
sessment and CD (r,=0.08, P=3.6x 10#), while a nega-
tive genetic correlation was observed between BMI at time
of UKBB assessment and UC (r ,=-0.07, P=.017). All traits
with at least 1 nominally significant (P < .05) genetic correla-
tion are shown in Figure 6.

Genetic Correlations Between IBD and Other
Diseases and Physiological Traits

Finally, we analyzed the cross-trait r, between IBD, CD, and
UC and physician-diagnosed conditions or conditions and
laboratory values present in patient electronic health records
(EHRs; Figure 7). A strong positive correlation was observed
for the trait “diseases of the digestive system” for IBD, CD,
andUC(r—023P 7.8x10%, P, =4.3x107 r =0.23,
P=1.6x10" , P, =6.3x10% r, _020 P = 42x10§respec—
tively). A posmve correlatlon was also observed for unspec-
ified hematuria and IBD and CD (r,=0.21, P=4.4x 103
r,=0.22, P=3.2x 107 respectively). ‘A strong positive cor-
relation was observed for pain in the throat and chest and
IBD, CD, andUC(r_Ol9P 5.9x%x10¢ P, =3.2x10%
r =0.20, P= 89xlO7P 49x104r—012P .019,
respectively). A positive correlatlon was observed between
diagnosed hay fever or allergic rhinitis and CD (r,=0.14,
P =2.8 x107). In addition to medical conditions dlagnosed
by physicians or extracted from patient EHR data, various
laboratory values were analyzed. A positive genetic correla-
tion was observed between CD and neutrophil percentage
and neutrophil count (r,=0.10, P=9.2x10% r, =0.11,
P =.020, respectively), while a negative genetic correlatlon
was observed between IBD and CD with basophil percentage
(r,=-0.08, P=.010; r,=-0.09, P= 9.2 x 103, respec-
tlvely) A negative genetic “correlation was also observed be-
tween IBD and CD with lymphocyte percentage (r, = -0.09,
P=.026;r,=-0.10, P = 6.8 x 1073). All traits with at least 1

nominally significant (P < .05) genetic correlation are shown
in Figure 7.

Discussion

In the present study, we provide an atlas of the shared genetic
architecture of IBD, CD, and UC with various behavioral,
diet-related, psychiatric, general wellness, and clinical traits.
Linkage disequilibrium score regression has been previously
used to determine the genetic correlation and shared herit-
ability between traits (phenotypes) and diseases of interest
both in other conditions (eg, lung cancer!®) and between IBD
and traits such as multiple sclerosis.?* In the present study,
we perform wide-scale cross-trait analysis between IBD, CD,
and UC and hundreds of traits from the UKBB, finding many
significant associations that may provide insight into IBD de-
velopment, progression, and comorbidities.

Our study provides additional evidence that IBD and its
main 2 subtypes, CD and UC, are highly heritable diseases.
Up to 12% of IBD patients have a family history of IBD,
and family and twin studies have demonstrated that host
genetics play a larger role in CD development compared
with UC.** Additionally, first-degree relatives of patients
with CD and UC have an incidence rate ratio of 7.77 and
4.08, respectively.”?* The results from our study provide ad-
ditional evidence that both major IBD subtypes are highly
heritable, as we demonstrate an overall IBD heritability of
29.6% = 2.6%, a CD heritability of 41.8% +4.4%, and a
UC heritability of 24.5% = 2.3%. These results support ex-
isting evidence that host genetics play a greater role in CD
development, with our study demonstrating a 1.7-fold higher
heritability in CD compared with UC. Notably, however, the
SNP-based heritability described in our study differs from
heritability established from family and twin studies for a
few reasons, such as the assumption that SNP-based herit-
ability assumes the effect of each SNP is independent and
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Figure 6. Forest plot showing genetic correlations (r ) for general wellness traits. Note: Only traits with at least 1 nominally significant (P < .05) genetic

correlation are shown.

additive. This assumption may not hold true for all genetic
variants. Additionally, SNP-based heritability focuses on ad-
ditive effects of individual SNPs across the genome, while her-
itability from family and twin studies includes both additive

and nonadditive genetic effects, rare genetic variants, and
gene-environment interactions.

One particular area of inquiry in IBD has been the differen-
tial impact of smoking behavior on CD vs UC. Early studies
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showed a reduced frequency of smokers among patients with
UC compared with healthy controls, while a meta-analysis in
CD demonstrated an increased risk associated with smoking
(odds ratio [OR], 1.76, 95% confidence interval [CI], 1.40-
2.22).152526 A similar association was seen between former
smoking at the time of UKBB assessment and UC—but not
current smoking at the time of UKBB assessment and UC,
as the latter demonstrates a strong inverse association (OR,
0.58, 95% CI, 0.45-0.75).% Our study demonstrates a sim-
ilar pattern between the cross-trait genetic correlations of
smoking traits with CD and UC. Specifically, current tobacco
smoking and current smoking status traits were positively
correlated with CD, while never smoking was negatively ge-
netically correlated with CD. On the other hand, a negative
(ie, protective) genetic correlation was seen between the pres-
ence of smoke or smokers in the household and ever smoking
with UC. The genetic correlations reached nominal signif-
icance, but they did not reach Bonferroni-corrected signifi-
cance. Various hypotheses have been set forth to explain the
effect of smoking on IBD, such as the effect of smoking on
smooth muscle tone and endothelial function through nitric
oxide production, an effect on the integrity of the gut mucosal
barrier, an increase in oxidative effects, an influence on the
gut microbiota, or a differential production of mononuclear
cells in CD but not UC in response to smoke.'’
Education-related traits demonstrated interesting and con-
sistent negative genetic correlations with IBD, CD, and UC in
the LDSR analyses. Professional qualifications (eg, nursing,
teaching) were negatively correlated with IBD and CD, and
obtaining a college/university degree was negatively correlated
with IBD and CD. The aforementioned correlations involving
CD achieved Bonferroni-corrected significance. Additionally, a
nominally significant negative genetic correlation was observed
between IBD, CD, and UC and fluid intelligence score, described
in the UKBB as the capacity to solve problems that require
logic and reasoning ability, independent of acquired knowl-
edge. The genetic relationship between educational attainment

and IBD, CD, and UC is poorly characterized. Studies have,
however, demonstrated poorer outcomes in IBD patients with
lower socioeconomic status (SES), and educational attain-
ment may be a proxy variable for SES.?” For example, one
study demonstrated a 29% increase of in-hospital mortality
for Crohn’s disease patients with a median income below the
average.”® Another study found a 3.3-fold increased odds of
in-hospital mortality for UC patients with Medicaid coverage,
a form of insurance provided for low-income patients in the
United States.”” Taken together, these results may suggest a
compounding effect between educational attainment, income,
and IBD, and future studies should seek to disentangle the
temporal relationship between these variables.

The role of diet in IBD development and management is an-
other well-studied topic, and nutritional research groups have
developed guideline diets for patients with IBD, such as the
Crohn’s Disease Exclusion Diet*® or the Mediterranean diet.
In the present study, we demonstrated an expected strong
positive genetic correlation between major dietary changes in
the last 5 years due to illness with IBD, CD, and UC, with
the IBD and CD correlations achieving Bonferroni-corrected
significance. While fewer significant genetic correlations were
observed for UC, which has a lower genetic heritability than
CD, several significant genetic correlations were observed for
CD. For example, white bread type, salt added to food, and
soft tub margarine nonbutter spread type were all positively
correlated with CD while muesli cereal type, whole meal or
wholegrain bread type, ground coffee type, fresh fruit intake,
fish oil use, salad and raw vegetable intake, and coffee intake
were all negatively correlated with CD. Many raw vegetables
are high in vitamin D and/or fiber, and epidemiologic studies
suggest that vitamin D and fiber intake may be protective in
CD." Data from the Nurses’ Health Study, a longitudinal
study following 170 776 women for 26 years, suggest that
long-term intake of dietary fiber, especially from fruit, is as-
sociated with a lower risk of CD but not UC, which supports
the findings found in the present study.’!
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The psychiatric burden associated with IBD has been well-
documented, and a meta-analysis robustly demonstrated a
lower quality of life (QoL) for individuals with IBD compared
with healthy individuals, for both adults and children.’? In
the present study, we observed both nominal and Bonferroni-
corrected significant genetic correlations between IBD, CD,
and UC with most of the analyzed traits, many of which are
survey-based questions related to anxiety and depression.
Strongly positively correlated traits included seeing a psychi-
atrist for a mental health condition and prolonged feelings of
sadness or depression. An interesting negative genetic correla-
tion was observed between IBD and CD and not having bipolar
disorder, suggesting that there may exist a positive genetic cor-
relation between the diseases. Studies suggest that the relation-
ship between IBD and anxiety and depression is bidirectional,
and the mechanisms underlying this relationship may include
increased pro-inflammatory cytokines, vagal nerve signaling,
gut dysbiosis, and changes in brain signaling and morphology.?
Additionally, one study found that symptoms of anxiety and
depression were associated with more aggressive IBD.33 Taken
together with the results from the present study, it is clear that
IBD and psychiatric conditions, such as anxiety and depres-
sion, are highly comorbid. The approach used in this study
compares genetic factors influencing IBD to those influencing
psychiatric and behavioral factors, hence these correlations
exist prior to IBD development. However, the extent to which
genetic determinants of subclinical or undiagnosed IBD may
also contribute to the observed polygenicity of neuropsychi-
atric conditions remains unknown and merits future research.

Finally, the cross-trait genetic correlation was analyzed be-
tween IBD, CD, and UC and an array of physician-diagnosed
and laboratory values. In addition to a Bonferroni-significant
positive genetic correlation between traits associated with
IBD, such as diseases of the digestive system or pain in the
throat and chest, a nominal positive genetic correlation was
observed between IBD and CD with unspecified hematuria.
A retrospective study found that children with IBD are more
likely to show kidney-related symptoms, such as isolated
hematuria and/or proteinuria than healthy children and
adolescents.>* Renal and urinary involvement is estimated
to occur in 4% to 23% of patients with IBD, with a signifi-
cant effect on overall patient morbidity.>* Optimal screening
guidelines for renal function monitoring in patients with
IBD have not yet been established, but taken together, these
findings suggest that renal function monitoring may be an
important aspect of IBD management. Furthermore, in the
present study, a positive genetic correlation was observed
between diagnosed hayfever or allergic rhinitis, neutrophil
percentage, and neutrophil count with CD. Studies have
previously demonstrated an epidemiologic association be-
tween hay fever and IBD.** Evidence also suggests that
neutrophils play a role in IBD development and/or manage-
ment by forming neutrophil extracellular trap (NET) that
can potentiate gut inflammation and mediate IBD-related
complications.’” Taken together, the genetic correlations
validate known associations and provide additional evi-
dence that advances our understanding of the etiology and
comorbidities associated with IBD.

The present study has several limitations. First, we do
not establish the causal directionality between IBD and the
UKBB traits; the results are genetic associations, not causal
effects. The potential for confounding or mediating traits
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that contribute to the observed effects is possible for the
observed genetic correlations. Additionally, many UKBB
traits are presented as binary traits, while the participants
may have responded to ordinal surveys potentially removing
nuance from participant responses. Another data limitation
is that terms from patient electronic health records, such
as “throat/chest pain,” are nonspecific. Additionally, diet-
related questions may fail to capture temporal changes in
participant diets. Finally, the present analysis included only
European patients due to data availability, limiting exten-
sion of the current results to diverse populations. For traits
with interesting associations, performing Mendelian ran-
domization (MR) analysis will be an important next step.
Notably, however, LDSR uses genome-wide data, while MR
uses selected causal markers, making the latter less powerful
for discovery.

Our current study presents an atlas of cross-trait genetic
correlations between IBD, CD, and UC with hundreds of
important behavioral, psychiatric, diet-related, general well-
ness, and clinical traits from the UKBB. Our work provides
genetic confirmation of many epidemiologically established
relationships, serving as a step towards understanding the
shared genetic architecture between IBD, CD, and UC with
these traits. Future partitioned heritability analyses may be
used to investigate enrichment of IBD heritability within
specific immune cell subsets. Identifying causal vs outcome
relationships may help to guide treatment decisions, update
diet or behavioral recommendations, and generate more
accurate predictive risk models. Furthermore, the signif-
icant genetic relationships established here may be used as
the input for a loci-trait unsupervised clustering method for
deconstructing the germline genetic heterogeneity of IBD
that may underlie variable disease course and response to
treatments.

Supplementary Data

Supplementary data is available at Inflammmatory Bowel
Diseases online.
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