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Abstract

Background: ATG16L1 plays a fundamental role in the degradative intracellular

pathway known as autophagy, being a mediator of inflammation and microbial

homeostasis. The variant rs2241880 can diminish these capabilities, potentially

contributing to inflammatory bowel disease (IBD) pathogenesis.

Objectives: To perform an updated meta‐analysis on the association between

ATG16L1 rs2241880 and IBD susceptibility by exploring the impact of age,

ethnicity, and geography. Moreover, to investigate the association between

rs2241880 and clinical features.

Methods: Literature searches up until September 2022 across 7 electronic public

databases were performed for all case‐control studies on ATG16L1 rs2241880 and

IBD. Pooled odds ratios (ORP) and 95% CI were calculated under the random effects

model.

Results: Our analyses included a total of 30,606 IBD patients, comprising 21,270

Crohn's disease (CD) and 9336 ulcerative colitis (UC) patients, and 33,329 controls.

ATG16L1 rs2241880 was significantly associated with CD susceptibility, where the

A allele was protective (ORP: 0.74, 95% CI: 0.72–0.77, p‐value: <0.001), while the G

allele was a risk factor (ORP: 1.23, 95% CI: 1.09–1.39, p‐value: 0.001), depending on
the minor allele frequencies observed in this multi‐ancestry study sample.

rs2241880 was predominantly relevant in Caucasians from North America and

Europe, and in Latin American populations. Importantly, CD patients harbouring the

G allele were significantly more predisposed to perianal disease (ORP: 1.21, 95% CI:

1.07–1.38, p‐value: 0.003).
Conclusions: ATG16L1 rs2241880 (G allele) is a consistent risk factor for IBD in

Caucasian cohorts and influences clinical outcomes. As its role in non‐Caucasian
populations remains ambiguous, further studies in under‐reported populations are

necessary.

This is an open access article under the terms of the Creative Commons Attribution‐NonCommercial‐NoDerivs License, which permits use and distribution in any
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INTRODUCTION

Inflammatory bowel disease (IBD) describes the collection of chronic

and relapsing inflammatory disorders afflicting the gastrointestinal

(GI) tract, whereby there is an absence of a discernible aetiological

agent or clear underlying cellular process contributing to inflamma-

tion.1 The two predominant clinical manifestations of IBD are Crohn's

disease (CD), and ulcerative colitis (UC). Typical symptoms suffered

by patients include diarrhoea, abdominal cramps, rectal bleeding,

weight loss and fatigue. The occurrence of extraintestinal manifes-

tations (EIM) is not uncommon, potentially affecting the musculo-

skeletal, dermatological, ocular, oral, metabolic, and renal systems.2

In 2017, it was estimated that there were more than 6.8 million

people globally living with IBD, and the age‐standardised prevalence

rate sat at 79.5 per 100,000.3 Traditionally, IBD has been labelled as a

Western disease, as the highest incidence and prevalence rates have

been consistently reported in North America and Europe.3,4 However,

an epidemiological shift over the past decades has seen the emergence

of IBD as a global disease with rapidly increasing incidence rates in

newly industrialised or ‘westernised’ regions such as South America,

Asia, and Africa.3,4 The impact of ethnicity on the risk of IBD remains

somewhat elusive due to the paucity of data in non‐Caucasian pop-

ulations, although current evidence suggests that non‐Hispanic Cau-
casians are the most at risk of developing IBD in their lifetime.5

The aetiology of IBD remains largely enigmatic due to its

complexity and the lack of an identifiable cause‐and‐effect relation-
ship. As a multifactorial disorder, IBD is hypothesised to stand firmly

at the crossroads between host genetic susceptibility, an aberrant

immune response, the gut microbiota (both commensal and patho-

genic), and environmental interactions (e.g., diet and smoking).

The pursuit to identify those host genetic factors that are

implicated in IBD susceptibility remains heavily focussed on immu-

nogenetics, including microbial recognition. Over the years, GWAS

studies have identified some 200 IBD susceptibility loci.6,7 An early

candidate in IBD GWAS studies was rs2241880 (A > G, also known

as T300A), situated in the autophagy‐related protein 16‐like 1

(ATG16L1) locus.8,9 ATG16L1 plays a fundamental role in the

degradative intracellular pathway known as autophagy. Autophagy is

critical for the maintenance of overall cellular homeostasis, especially

during periods of nutrient starvation, as it is involved in the recycling

of old or damaged organelles and proteins.10 Autophagy can also be

directed towards the eradication of pathogens, rendering it an

important component of the innate immune response, intimately

linked to inflammation through its influence on inflammatory cells

(i.e., macrophages, lymphocytes, and neutrophils) and modulation of

pro‐inflammatory cytokine production.11 ATG16L1 rs2241880 is a

missense substitution at position 300 on the polypeptide (Threonine

to Alanine), altering protein polarity8 and susceptibility to caspase‐3
degradation, which is suspected to contribute to abnormal auto-

phagic functions.12–14 Consequently, autophagy, one of the principal

mechanisms by which the host can maintain intestinal homeostasis,

both immunologically and microbially, is defective and potentially

contributes to IBD pathogenesis.15

Previous meta‐analyses16,17 have been published on the matter;

however, these have generally only focussed on an association with

CD susceptibility. What we present here, thus, is the most compre-

hensive meta‐analysis to date on the association of ATG16L1

rs2241880 and IBD, including both CD and UC, determining any

relevant demographic susceptibility patterns based on age (paediatric

vs. adult), ethnicity (Caucasian, East Asian, South Asian, Middle

Eastern, Latin American), and geographical origin (Northern Europe,

Eastern Europe, Southern Europe, Western Europe, North America,

South America, Oceania, Middle East, East Asia, South Asia). Impor-

tantly, we attempted to associate rs2241880 with relevant clinical

features and outcomes including disease location, disease behaviour,

Key summary

Summarise the established knowledge on this subject

� ATG16L1 rs2241880/T300A is a predisposition locus for

Crohn's disease; however, the susceptibility pattern is

not universal, especially in non‐Caucasian populations.

� The locus has been linked to predisposition for the ileal

subphenotype of Crohn's disease, but not any other

biomarker, clinical phenotype, or outcome of inflamma-

tory bowel disease.

What are the significant and/or new findings of this study?

� ATG16L1 rs2241880 has relevance as a biomarker for

Crohn's disease in Caucasians, particularly from North

America and Europe, as well as in populations of Latin

American ancestry.

� Clinically, rs2241880 influences predisposition to

Crohn's disease associated perianal disease.

� As ATG16L1 rs2241880 can influence predisposition to

perianal disease, this study provides a better under-

standing of the pathogenesis, with the potential to

identify at‐risk patients and initiate disease surveillance

resulting in more effective treatment.
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presence of perianal disease and presence of extraintestinal mani-

festations (EIM).

METHODS

Literature search strategy and screening

This study was conducted using the Preferred Reporting Items for

Systematic Review and Meta‐Analysis protocols (PRISMA)18 with a

systematic literature search conducted independently by two authors

(IS & NCR). Any discrepancies in study selection or data collection

were discussed between the authors to reach a consensus. A sys-

tematic search of publicly available scientific literature databases

(Pubmed, Science Direct, Scopus, Web of Science, Cochrane, Lilacs

and Scielo) was conducted up until 30 September 2022. The search

terms utilised are presented in Supplementary Table S1. Retrievals

were also identified through hand‐searching and manual review of

reference lists from selected articles. Articles were initially screened

based on title, keywords and abstract to identify records of

relevance.

Study selection criteria

Inclusion criteria

Full text articles were selected for eligibility based on the following

inclusion criteria: (1) full original peer‐reviewed article available (no

abstracts or conference articles) in either English, Spanish or Portu-

guese, (2) a clear case–control study design with a diagnosis of IBD

(CD and UC) denoted as ‘cases’, and (3) population‐based or hospital‐
based controls denoted as healthy or otherwise (non‐IBD), (4) pae-
diatric (early‐onset) or adult populations, (5) study evaluates the

association of polymorphism with any IBD outcome or phenotype,

and (6) accessibility to raw data (genotypic and allelic frequencies).

Exclusion criteria

Studies were excluded (1) should their methodology include familial

(related) data, (2) presence of duplicated data, and (3) the control

group deviated from Hardy‐Weinberg Equilibrium (HWE).

Study quality assessment and data extraction

To further assess eligibility and quality of the full‐text selected ar-

ticles, the Newcastle‐Ottawa Scale (NOS) Score19 was implemented

using the standard 9‐point system. Studies were judged based on

subject selection, comparability of subject groups (cases and con-

trols), and the ascertainment of exposure (genotyping). The final

selected studies were extracted for author, year, journal,

geographical location, ethnicity, age category (adult or paediatric

(early‐onset) population), total genotype numbers, and ATG16L1

rs2241880 genotypic (if applicable) and allelic frequencies.

For those articles which also performed genotype‐phenotype
correlations, genotypic/allelic data were extracted and stratified by

one or more of the following variables: Montreal/Vienna classification

(disease location and disease behaviour), presence of EIM, or perianal

disease. Corresponding authors were contacted if studies indicated

such analyses were conducted but data was not accessible/shown.

Statistical analysis

The pooled odds ratio (ORP) was calculated using the generic inverse

variance method where the OR from each individual study was

weighted by the inverse of their variance. The random‐effects model
was employed to calculate ORp and 95% confidence intervals (CI) to

account for the assumed variation in the true effects due to study‐
level heterogeneity, which is summarised by estimating the mean

and variance of a distribution of true effects.20 A meta‐regression
was also performed to assess the impact of multiple independent

variables on the effect size, allowing us to identify potential sources

of heterogeneity or confounding variables influencing the association

between ATG16L1 rs2241880 and CD. The variables included in the

regression model were ethnicity (Caucasian, East Asian, South Asian,

Middle Eastern, Latin American), age of onset (paediatric vs. adult)

and study NOS score (≤5 vs. ≥ 6). Stratified analyses were further

conducted based on the age of onset, ethnicity, geographical origin

(Northern Europe, Eastern Europe, Southern Europe, Western

Europe, North America, South America, Oceania, Middle East, East

Asia, South Asia) and study NOS score. To test for heterogeneity, the

Cochran's‐Q test was applied, where a p‐value <0.1 was suggestive

of heterogeneity. Since some of the stratified analyses comprised

only a small number of studies, which ultimately undermined the

power of the Cochran's‐Q test, the Higgins test (I2) was also

employed in parallel for all analyses. The Higgins test defines the

percentage of total variation across all studies due to heterogeneity

rather than chance, such that I2 lies between 0% and 100%, where

0% indicates the absence of heterogeneity and increasing values

indicate greater heterogeneity.21 The following categories for I2

values were assigned: low heterogeneity: <25%, moderate hetero-

geneity: 25%–75% and high heterogeneity: >75%. To further identify
influential studies and examine statistical robustness, leave‐one‐out
sensitivity analysis was performed. To assess for potential publica-

tion bias, funnel plots were generated, and Egger's regression

asymmetry tests were conducted. All statistical tests were carried

out as two‐tailed, with a p‐value of <0.05 deemed statistically sig-

nificant. All statistical analyses were conducted using the Compre-

hensive Meta‐Analysis (CMA) Software package V. 4.0 (Biostat,

Englewood, New Jersey). Genotype‐phenotype correlation analysis

was further controlled via the application of the FDR method (Ben-

jamini‐Hochberg) at level α (0.05) using an available online tool

(https://tools.carbocation.com/FDR).
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RESULTS

Literature search and study characteristics

Our systematic search of seven publicly available scientific literature

databases revealed collective 5891 records across all search terms

used (Figure 1). Hand‐searching yielded an additional 9 articles,

totalling 5900 records. After duplicate removal, 520 records

remained. Initial screening of title, keywords and abstracts, and

application of our inclusion criteria, led to 83 studies for qualitative

analysis using the NOS Scoring system. We ascertained a total of 61

studies for data extraction and inclusion in the quantitative meta‐
analysis, consisting of 30,606 IBD cases (21,270 CD and 9336 UC),

and 33,329 controls. Reasoning for the exclusion of articles at the

data extraction stage is highlighted in Supplementary Table S2. The

final selected studies and their general characteristics as well as allele

and/or genotype frequencies are presented in Tables 1 and 2 for CD

and UC, respectively.

Study quality

By employing the NOS Scoring system, we determined that the

overall quality of studies included in the quantitative meta‐analysis

was high with the majority (47/61; 77%) attaining ≥6 stars. In spe-

cial circumstances where a single study reported on multiple inde-

pendent cohorts, a NOS score was applied for each independent

cohort, and the final NOS score for the article was determined by

averaging the score of those cohorts.

Association of ATG16L1 rs221880 and IBD

To preface, each population was evaluated to determine the minor

allele, G or A, using their respective control cohort, and grouped

accordingly for the following analyses. This was done to account for

the genetic variations between both ethnic and geographical pop-

ulations, as evidenced by public databases (International HapMap

Project), which report that the frequency of the A allele is 0.458 in

European (Caucasian) samples, 0.830 in Japanese (East Asian) sam-

ples, and 0.611 in Han Chinese (East Asian) samples.9

Our unique approach in segregating the study populations based

on the minor allele frequency (MAF) in their respective controls pro-

vides consideration of the genetic effects on population differentiation

across diverse ethnic groups. It is well known that human allele fre-

quencies of single nucleotide polymorphisms (SNPs) diverge based on

geography and ethnicity,81–83 which is influenced by several factors

including natural selection, whereby the selective pressures of

F I GUR E 1 PRISMA workflow diagram of the literature search strategy.
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environmental conditions can modulate the allelic balance across

populations. In addition, except in instances ofMendelian diseases, the

role of the minor allele in complex diseases has a natural tendency to

be inherently attributed to be the risk allele.84 Furthermore, associa-

tion tests were reported more likely to be statistically significant if the

minor allele in the population was considered the risk allele instead of

the major allele.84 Notwithstanding, the major allele may of course be

recognised as the risk allele in certain populations, as was the case in

the current meta‐analysis, which identified that almost half of the

included study populations harbours the ATG16L1 rs2241880 risk

allele (G) as the major allele in their respective controls. By conducting

the analyses independently for each allele and population, based on

their respective MAF, we can provide a neutral evaluation of the role

of rs2241880 in IBD. In this respect, analysis for CD and UC suscep-

tibility will be presented for each allele independently.

Effect of ATG16L1 rs2241880 A allele on CD
susceptibility

Populations with the rs2241880 minor allele denoted as A included

33 independent case‐control studies across 30 articles (Figure 2a).

Overall, ORP was determined to be a highly significant 0.74 (0.72–

0.77; p‐value: <0.001) under the random effects model, indicating

that the A allele is favourable against CD development (Figure 2a).

There was no evidence of heterogeneity in this analysis (Figure 2a).

A meta‐regression for the A allele in CD included 27 studies in

the model since 6 studies were excluded from this analysis due to

missing data for one or more independent variables. The regression

model showed that these variables (ethnicity, age of onset, and study

NOS score) did not influence the overall association between the A

allele and CD susceptibility (p‐value: 0.623, Supplementary Table S3).
However, as the magnitude of the effect size can still differ based on

some of these variables, we also conducted stratified analyses.

Limiting included studies in these analyses to those of the highest

quality (n = 26, study NOS score ≥6) did not influence the signifi-

cance nor effect size of the A allele on CD susceptibility (OR: 0.75,

95% CI: 0.72–0.78, p‐value <0.001; data not shown).

The onset of IBD can occur at any point within a lifetime, where

paediatric‐onset IBD (before the age of 16) is often treated as a

separate entity from that of adult‐onset IBD due to differences in

clinical presentation and the natural course of disease.85,86 On this

account, we evaluated the effect of rs2241880 in the context of age

onset, broadly, adult‐onset versus paediatric‐onset. The A allele re-

ported a highly significant ORP of 0.74 (0.71–0.77; p‐value: <0.001)
and 0.77 (0.68–0.87; p‐value: <0.001) for CD adult‐onset and pae-

diatric onset, respectively (Table 3). Heterogeneity was detected only

in the paediatric‐onset subgroup (I2: 40.14%) (Table 3).

Our approach to evaluating the impact of ethnicity on

rs2241880 and IBD susceptibility involved categorising each popu-

lation crudely into Caucasian, East Asian, South Asian, Middle

Eastern and Latin American categories. When stratified by ethnicity,

only populations of Caucasian and Middle Eastern ancestry appearedT
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F I GUR E 2 Forest plots of the meta‐analysis assessing the association between ATG16L1 rs2241880 CD susceptibility. (a) Analysis in

respect to the A allele. (b) Analysis in respect to the G allele. Pooled odds ratios (ORP) with 95% confidence intervals (CI) were calculated
under the random effects model (coloured diamond). Squares denote the contributing weight of each study to analyses. Q, Cochran's Q test, I2;
Higgins test.
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to harbour the A allele as the minor allele (Table 3). Stratification by

ethnicity revealed relevance for the A allele in CD susceptibility only

in Caucasian cohorts, with a highly significant ORP of 0.75 (0.72–0.78,

p‐value: <0.001) (Table 3). No heterogeneity was found (I2: 0.00%) in
both subgroups (Table 3).

It is clear in genetic association studies, including this one, that

the impact of susceptibility variants not only vary across ethnicities

but also across geographical regions of the same ethnicity.9 To this

end, we also investigated the impact of geographical origin on

rs2241880 and IBD risk to determine any susceptibility patterns.

Populations were stratified according to the following geographical

regions: Northern Europe, Eastern Europe, Southern Europe,

Western Europe, North America, South America, Oceania, Middle

East, East Asia, South Asia. This categorisation was conducted in line

with the United Nations geoscheme for regions and individual

countries.87

TAB L E 3 Pooled effect size and heterogeneity for the meta‐analyses assessing the association between the ATG16L1 rs2241880 A allele
and IBD susceptibility.

Stratified analysis ORP* 95% CI p‐value

Heterogeneity

Q–value p‐value I2

Crohn's disease

Age of disease onset*

Adult ‐ onset 0.740 0.713–0.767 <0.001 19.952 0.866 0.000

Paediatric ‐ onset 0.770 0.680–0.871 <0.001 8.352 0.138 40.135

Ethnicity**

Caucasian 0.749 0.722–0.778 <0.001 20.730 0.836 0.000

Middle Eastern 0.881 0.632–1.229 0.456 0.274 0.601 0.000

Geographical origin**

Eastern Europe 0.774 0.687–0.873 <0.001 0.561 0.905 0.000

Middle East 0.881 0.632–1.229 0.456 0.274 0.601 0.000

North America 0.672 0.610–0.739 <0.001 0.647 0.958 0.000

Northern Europe 0.767 0.708–0.832 <0.001 1.747 0.782 0.000

Oceania 0.718 0.646–0.797 <0.001 0.077 0.781 0.000

Southern Europe 0.751 0.680–0.829 <0.001 10.687 0.153 34.497

Western Europe 0.747 0.695–0.804 <0.001 2.305 0.680 0.000

Ulcerative colitis

Overall

0.945 0.898–0.995 0.031 19.74 0.288 13.89

Age of disease onset*

Adult–onset 0.943 0.893–0.995 0.032 19.000 0.269 15.790

Paediatric ‐ onset 0.995 0.851–1.163 0.949 2.431 0.297 17.719

Ethnicity**

Caucasian 0.956 0.909–1.005 0.078 16.377 0.357 8.411

Geographical origin**

Eastern Europe 0.878 0.700–1.102 0.262 0.149 0.700 0.000

North America 0.893 0.711–1.122 0.331 2.591 0.274 22.806

Northern Europe 0.945 0.855–1.045 0.273 3.544 0.315 15.361

Southern Europe 0.957 0.874–1.049 0.351 2.317 0.509 0.000

Western Europe 0.906 0.829–0.990 0.029 1.575 0.455 0.000

Note: The random effects model using two‐tailed p‐value was applied to ascertain pooled analysis results. *For age of disease onset analysis, those

studies which included both types of subpopulations but failed to provided data discriminating between them were excluded from this stratified

analysis. **Studies where the ethnicity or the geographical origin of the population was not stated or could not be comfortably deduced were excluded

from this stratified analysis.

Abbreviations: CI, confidence intervals; I2, Higgins test; ORP, pooled odds ratio; Q, Cochran's Q test; Std, standard.
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Given our findings in the ethnicity‐stratified analysis, unsurpris-

ingly, we found a pattern where those populations with the A allele as

the minor allele were concentrated in regions of the globe with a

majority Caucasian ethnicity (Europe and North America). The A

allele was a highly significant protective factor across all of Europe

(Table 3). Furthermore, the A allele held the most protective value in

North America with an ORP of 0.67 (0.61–0.74, p‐value: <0.001). No
significant evidence of heterogeneity was reported across all sub-

groups, except Southern Europe, which showed the presence of

moderate heterogeneity (I2: 34.50%). In summary, the A allele ap-

pears to have significant relevance in Caucasian ethnic groups, from

both the North American and European regions, which confers pro-

tection against CD development.

Effect of ATG16L1 rs2241880G allele on CD
susceptibility

Populations with the rs2241880 minor allele denoted as G included

33 independent case‐control studies across 31 articles (Figure 2b).

For CD, the G allele showed a significant ORP of 1.23 (1.09–1.36, p‐
value: 0.001) (Figure 2b). There was a high level of heterogeneity

noted in this analysis (I2: 82.67% (Figure 2b).

Ameta‐regression for the G allele in CD included 29 studies in the

model since 4 studies were excluded due to missing data for one or

more of the independent variables included (age of onset and study

NOS score). Ethnicity was not included in the model due to colinearity.

The regression model showed that neither of these independent var-

iables influenced the overall association between the G allele and CD

susceptibility (p‐value: 0.36; Supplementary Table S3). However, given
that the magnitude of the effect size can still differ based on some of

these variables, we also conducted stratified analyses.

Stratification based on high study quality (n = 25, study NOS

score ≥6) did not undermine the association between the G allele and

CD, still reaching a highly significant OR of 1.22 (95% CI: 1.06–1.41,

p‐value: 0.007; data not shown).

Following stratification by age, the G allele was shown to be a

highly significant risk factor in both adult‐onset and paediatric‐onset
CDs. The ORP for adult‐onset was reported to be 1.19 (1.06–1.34, p‐
value: 0.003), while the ORP for paediatric‐onset was reported to be

1.47 (1.12–1.95, p‐value: 0.006) (Table 4). Moderate levels of het-

erogeneity were reported for both adult‐onset and paediatric‐onset
analyses (I2: 72.67% and I2: 55.11%, respectively, Table 4).

When stratified by ethnicity, the G allele remained significant in

the Caucasian and Latin American subgroups with ORP of 1.36 (1.03–

1.79, p‐value: 0.029) and 1.24 (1.01–1.54, p‐value: 0.04), respectively
(Table 4). Moderate to high levels of heterogeneity were reported in

the Caucasian, East Asian and South Asian subgroup analyses (I2:

91.17%, I2:62.95% and I2:74.55%, respectively, Table 4).

When stratified by geographical origin, we emulated the

ethnicity findings that in South American populations, the G allele is a

significant risk factor for CD (OR: 1.27, 95% CI: 1.02–1.57, p‐value:
0.032). The remaining geographical regions, including Caucasian‐

based regions, reported non‐significant findings for the G allele in

CD susceptibility. There was high heterogeneity reported across

several subgroups (Table 4).

Effect of ATG16L1 rs2241880 on UC susceptibility

Our analyses on the impact of rs2241880 on UC susceptibility

revealed largely negligible effects in both allelic analysis (Tables 3

and 4; Supplementary materials) and across all analysis types. Thus,

no further analysis (clinic manifestations) was conducted on the UC

populations.

Effect of ATG16L1 rs2241880 on clinical
manifestation and outcomes of CD

The clinical manifestation of IBD is highly heterogeneous, and the

potential for accurate molecular diagnosis and prognosis has always

remained a lucrative clinical application. Here, we attempted to

evaluate the applicability of ATG16L1 rs2241880 as a biomarker of

different clinical features and outcomes of CD. This included disease

location (ileum involvement vs. no ileum involvement), disease

behaviour (only inflammatory (i.e., non‐stricturing and non‐pene-
trating) versus. stricturing or penetrating), presence of perianal dis-

ease, or EIM. As confirmed in the meta‐analysis, the G allele is the

risk allele and as such, all our genotype‐phenotype analyses were

conducted with the A allele as reference.

A significant clinical outcome of CD is perianal disease which can

be characterised by inflammation and injury at or near the anus,

including fistulae, abscesses, and skin tags.88 Stratification based on

the presence or absence of perianal disease included 860 and 1720

patients, respectively, across seven independent case‐control studies.
Here, we identified a significant association with increased suscep-

tibility to perianal disease in CD patients carrying the G risk allele

(ORP: 1.21, 95% CI: 1.07–1.38, adjusted p‐value: 0.003, Table 5.) with
an adjusted p‐value of 0.015 after FDR correction (Benjamini‐
Hochberg). The remaining comparisons failed to yield any significant

role for the G allele with other clinical manifestations (Table 5).

Sensitivity analysis and publication bias

Both the ATG16L1 rs2241880 A and G allele remained a statistically

significant risk factor for CD irrespective of what cohort was

removed from the analysis each time. Statistical significance for the

impact of an allele in UC susceptibility is lost when six out of the 18

studies are removed in the random effects model. This is most likely a

by‐product of the weak association observed. The G allele is not

significantly associated with UC irrespective of what study was

removed at a time. The significance of the G allele in CD associated

perianal disease associated is achieved irrespective of which paper

was removed for sensitivity analysis, inferring robustness. There was
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no evidence of publication bias in these meta‐analyses, except in the

G allele analysis for CD susceptibility (p‐value: 0.008, Supplementary
Table S4, Figures S1‐S4).

DISCUSSION

As one of the first identified susceptibility loci from GWAS studies,

ATG16L1 rs2241880 has since provided conflicting evidence over its

inclusion and applicability in the molecular profile of IBD

susceptibility. To the best of the authors' knowledge, the last meta‐
analysis conducted on this topic was in 2017,17 and since then

several more studies have been reported including those in under-

studied or minority populations, contributing to the growing litera-

ture on the impact of rs2241880 in the pathogenesis of IBD. Thus, we

sought to provide an updated, comprehensive meta‐analysis of the
available literature on ATG16L1 rs2241880 on IBD susceptibility.

Moreover, we aimed to identify any trends in clinical presentation of

CD as well as attributable susceptibility demographics (age, ethnicity,

or geography).

TAB L E 4 Pooled effect size and heterogeneity for the meta‐analyses assessing the association between the ATG16L1 rs2241880 G allele
and IBD susceptibility.

Stratified analysis ORP 95% CI p–value

Heterogeneity

Q–value p–value I2

Crohn's disease

Age of disease onset*

Adult ‐ onset 1.191 1.062–1.336 0.003 87.825 0.000 72.673

Paediatric ‐ onset 1.474 1.115–1.948 0.006 11.137 0.049 55.105

Ethnicity**

Caucasian 1.357 1.031–1.785 0.029 124.552 0.000 91.168

East Asian 1.058 0.932–1.200 0.383 21.595 0.006 62.954

Latin American 1.244 1.008–1.535 0.042 0.507 0.776 0.000

South Asian 1.477 0.894–2.438 0.128 7.860 0.020 74.554

Geographical origin**

East Asia 1.058 0.932–1.200 0.383 21.595 0.006 62.954

North America 1.129 0.646–1.972 0.669 65.110 0.000 95.392

Northern Europe 1.100 0.922–1.311 0.289 4.484 0.344 10.786

South America 1.266 1.020–1.571 0.032 0.010 0.919 0.000

South Asia 1.477 0.894–2.438 0.128 7.860 0.020 74.554

Western Europe 1.449 0.852–2.465 0.171 41.056 0.000 92.693

Ulcerative colitis

Overall

1.054 0.947–1.173 0.339 10.338 0.324 12.943

Age of disease onset*

Adult–onset 1.052 0.933–1.187 0.407 10.545 0.229 24.137

Paediatric ‐ onset 1.010 0.654–1.560 0.963 0.273 0.601 0.000

Ethnicity**

Caucasian 1.070 0.958–1.194 0.231 2.374 0.795 0.000

Geographical origin**

Northern Europe 1.079 0.912–1.277 0.376 2.247 0.523 0.000

Note: The random effects model using two‐tailed p‐value was applied to ascertain pooled analysis results. *For age of disease onset analysis, those

studies which included both types of subpopulations but failed to provided data discriminating between them were excluded from this stratified

analysis. Authors of these studies were contacted in an attempt to stratify the data accordingly; however, this was largely unsuccessful. **Studies where

the ethnicity or the geographical origin of the population was not stated or could not be comfortably deduced were excluded from this stratified

analysis.

Abbreviations: CI, confidence intervals; I2, Higgins test; ORP, pooled odds ratio; Q, Cochran's Q test; Std, standard.
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Our meta‐analysis involved a total of 30,606 IBD patients,

comprising 21,270 CD patients and 9336 UC patients, and 33,329

controls, across 68 populations from 61 different articles: the largest

meta‐analysis on this subject to date. We present a confirmation of

the highly significant association of ATG16L1 rs2241880 with CD

susceptibility, and to a lesser extent with UC susceptibility. The A

allele was determined to be protective against CD with an ORP of

0.74 (0.72–0.77), and complementarily, the G allele was determined

to be a risk factor with an ORP of 1.23 (1.09–1.39). With regard to

UC susceptibility, we report only an association with the A allele,

which holds a very mild protective value with an ORP of 0.95 (0.90–

1.00).

While early‐onset and adult‐onset IBD may carry differing un-

derlying pathogenesis, we report here that rs2241880 contributes

significantly to CD development, regardless of age of onset.

Compared to adult‐onset, in early‐onset IBD genetic predisposition is

suspected to carry greater influence in aetiology due to the more

limited exposure to environmental risk factors.89,90 This is reflected

in our finding that the G allele held a higher OR for paediatric‐onset
CD compared with adult‐onset CD (ORP: 1.47 vs. 1.18).

The influence of ethnicity on IBD phenotype and outcomes has

been demonstrated across Caucasians, Blacks, Hispanics, and

Asians.5,91 Whether this is attributed to true differences in genetics,

or rather environmental and lifestyle factors coupled with socio-

economic disparities, is yet to be clearly established. As described

previously, the genetic implication of ethnic diversity plays a major

role in establishing the validity of such genetic markers in complex

diseases such as IBD. The current literature describes a lack of a

universal susceptibility pattern for ATG16L1 rs2241880 in IBD

pathogenesis. With the incidence rates of IBD varying greatly be-

tween different ethnic groups, it is conceivable to credit this, at least

in part, to the differences in allele frequencies of disease‐associated
SNPs. The current meta‐analysis demonstrates almost exclusive

relevance in Caucasian cohorts, and more specifically in high‐risk
‘Westernised’ regions (North America and Europe). Interestingly,

Caucasian populations displayed great variability in the assignment

of the minor allele, while Asian populations largely remained undi-

vided (i.e., the minor allele was almost always designated as G). This

would suggest that despite being a risk allele, the rs2241880 G allele

may evolutionarily serve a homeostatic purpose. Furthermore, the

lower G allele frequency in East Asian populations9 coincides with a

lower rate of IBD incidence rates.92 We also present evidence, for

the first time, of the relevance of ATG16L1 rs2241880 (G) allele in

CD development in patients from Latin American populations, which

failed to be achieved by single studies.

Importantly, a novel significant association between rs2241880

and perianal disease was identified in the current meta‐analysis. The
manifestation of perianal disease in the clinical course of CD is

commonly reported in 25%–80% of patients.93 The literature is

increasingly supporting an underlying genetic predisposition to the

development of perianal fistulae.88 Our findings indicate that

rs2241880 is a part of this susceptibility profile, as CD patients

harbouring the G allele were found to be at increased risk of

developing perianal disease (Table 5; ORP: 1.21, 95% CI: 1.07–1.38).

TAB L E 5 Meta‐analysis and heterogeneity of ATG16L1 rs2241880 G allele and CD clinical manifestations and outcomes.

Stratified analysis ORP 95% CI p–value

Heterogeneity

Q–value p–value I2

Disease location*

Ileum non‐involved Ref ‐ ‐ ‐ ‐ ‐

Ileum‐involved 1.154 0.934–1.426 0.185 53.970 0.000 77.765

Disease behaviour**

B1 –inflammatory only (non‐stricturing/penetrating) Ref ‐ ‐ ‐ ‐ ‐

B2–stricturing 1.086 0.967–1.219 0.164 4.278 0.831 0.000

B3–penetrating 1.110 0.979–1.258 0.104 8.955 0.346 10.665

Perianal disease

Absent Ref ‐ ‐ ‐ ‐ ‐

Present 1.21 1.069–1.375 0.003 4.952 0.550 0.000

EIM

Absent Ref ‐ ‐ ‐ ‐ ‐

Present 0.797 0.575–1.105 0.173 0.265 0.607 0.000

Note: The random effects model using two‐tailed p‐value was applied to ascertain pooled analysis results. *Disease location was classified as

ileum‐involved (either ileum only or ileocolonic) or ileum non‐involved (colon only and/or upper GI). **Disease behaviour was classified according to

both the Montreal and Vienna classification systems which were the most frequently utilised classification systems where; B1 indicated non‐stricturing/
penetrating OR inflammatory only, B2 indicated stricturing only and B3 indicated penetrating only.

Abbreviations: CI, confidence intervals; I2, Higgins test; ORP, pooled odds ratio; Q, Cochran's Q test; Std, standard.
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ATG16L1 is not the first member of the autophagic pathway to be

associated with perianal disease, as variants in another key auto-

phagy protein, IRGM (rs4958847 and rs1000113), were associated

with perianal fistulas in an Italian population.94 Due to the role of

autophagy in mediating inflammation, hinderance of the function of

these proteins could lead to aberrant inflammation, conducive to

perianal disease.

On the contrary to the above findings for CD, our conclusions for

the significance of rs2241880 on UC susceptibility are more unas-

suming. A very modest protective relationship was established for

the A allele, which was restricted to adult‐onset UC (Table 3).

Notably, we observed a significant protective role for the A allele in

UC susceptibility for Caucasians from Western Europe (Table 3).

With larger sample sizes available from these regions, it does set a

precedent for the numbers required to fully illustrate the more

limited role of rs2241880 in UC susceptibility. Differences in the

pathophysiology between CD and UC are suspected to dictate the

relevance of rs2241880 in their susceptibility. While the influence of

genetic predisposition is viewed to lesser magnitude in UC patho-

genesis, disease‐specific risk loci do exist for UC such as ECM1,95 yet

the impact of ethnicity is again pronounced.96

Most case‐control studies underscore a modest contribution of

ATG16L1 rs2241880 to IBD susceptibility which is undermined by

the lack of statistical power. The current meta‐analysis is able to

overcome this obstacle to provide a more comprehensive examina-

tion of the role of rs2241880 in IBD susceptibility. We are acutely

aware of potential population stratification in these analyses due to

the ethnic bias of Caucasian populations prevalent in the majority of

these studies, which is more than likely driving some significance. We

attempted to circumvent these issues by stratifying not only by

ethnicity but also by geographical origin. Further, a drawback of

meta‐analyses is the often‐high level of heterogeneity reported,

which is a natural and routine phenomenon in meta‐analyses
involving population studies due to their clinical and methodolog-

ical differences.97 The majority of the included studies had a NOS

score between 6 and 8. The main study limitation noted within in-

dividual studies was a lack of specificity on the definition and selec-

tion of controls. Further, study design varied greatly, with almost

90% of studies not age‐ and gender‐matching their controls during

recruitment, which undermines their comparability. Beyond any

clinical or methodological differences between studies, publication

bias could also be a contributing factor, as was noted for the analyses

for the G allele in CD susceptibility (p‐value: 0.008), which also car-

ried high levels of heterogeneity (I2: 82.67%, p‐value: 0.000). By
carefully implementing a NOS scoring system, applying the random

effects model, a dual test of heterogeneity (Cochran's Q‐statistic and
I2‐statistic), and performing a meta‐regression, we endeavoured to

minimise subjectivity and the effects of heterogeneity but cannot

entirely exclude residual biases. In addition, we note other limitations

in our approach of this meta‐analysis; (1) not all studies clearly

denoted what minor allele they were reporting on, and (2) some of

the stratified analyses were constrained due to limited statistical

power. More epidemiological data on IBD incidence in understudied

populations and ethnicities (African, Latin American) are needed to

supplement the findings here, as the current data is still too heavily

saturated in Western regions (North America and Europe). We also

cannot ignore environmental influence and its role in the increasing

rates of IBD in these new regions, which has been deemed too fast in

the past 60 years to be purely explained by changes in the genetic

make‐up of these populations.92,98

To summarise, we provide increasing evidence for the use of

ATG16L1 rs2241880 as a clinical biomarker in IBD susceptibility and

clinical outcomes, especially for patients of Caucasian ethnicities

residing in North America and Europe, and those of Latin American

ancestry. The G allele remains a significant risk factor for CD sus-

ceptibility, whereas the A allele illustrates a protective role in both

CD and UC development. Due to the large number of studies and

patients included, we provide novel insights into the role of

rs2241880 on the clinical features of CD, that earlier meta‐analyses
failed to achieve52 which includes a significant role for the G allele in

the predisposition to perianal disease.
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