
1 
 

 1 

Children Developing Celiac Disease Have a Distinct and Proinflammatory Gut 2 

Microbiota in the First 5 Years of Life 3 

 4 

Qian Huang1, Yi Yang2, Vladimir Tolstikov3, Michael A. Kiebish3, Jonas F 5 

Ludvigsson4,5, Noah W. Palm2, Johnny Ludvigsson6, Emrah Altindis1 6 

 7 

 8 

Affiliations:  9 

1 Boston College Biology Department, Chestnut Hill, MA 02467, USA 10 

2 Department of Immunobiology, Yale University School of Medicine, New Haven, CT 11 
06510, USA. 12 

 13 
3 BERG, LLC, Framingham, MA, USA. 14 
 15 
4 Department of Medical Epidemiology and Biostatistics, Karolinska Institutet, 16 

Stockholm, Sweden 17 
 18 

5 Department of Paediatrics, Örebro University Hospital, Sweden  19 

6 Crown Princess Victoria's Children's Hospital, Region Östergötland, Division of 20 

Pediatrics, Linköping University, Linköping, SE 58185, Sweden. 21 

 22 
 23 

 24 

 25 

 26 

Correspondence to: Emrah Altindis, Boston College Biology Department, Higgins Hall, 27 

140 Commonwealth Avenue Chestnut Hill, MA 02467. E-mail: altindis@bc.edu  28 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 5, 2020. ; https://doi.org/10.1101/2020.02.29.971242doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.29.971242


2 
 

ABSTRACT 29 

Objective: Celiac disease (CD) is an immune-mediated disease characterized by small intestinal 30 

inflammation. CD is associated with HLA-DQ2 and HLA-DQ8 haplotypes, however, genetics 31 

alone cannot explain the increasing incidence rates. The main goal of this study was to determine 32 

the role of the gut microbiota in CD pathogenesis in the first five years of life. 33 

Design: We conducted a longitudinal study focusing on three developmental phases of the gut 34 

microbiota (ages 1, 2.5 and 5 years). The fecal samples were obtained from 16 children who 35 

developed CD and 16 matched controls. We used 16S sequencing combined with functional 36 

analysis, flow cytometry, immunoglobulin A (IgA) sequencing (IgA-seq), and plasma 37 

metabolomics to determine a microbial link to CD pathogenesis.  38 

Results: We identified a distinct gut microbiota composition in CD progressors (CDP, children 39 

who developed CD during or after their gut microbiota were sampled) in each developmental 40 

phase. Pathogenesis and inflammation-related microbial pathways were enriched in CDP. 41 

Moreover, they had significantly more IgA coated bacteria and the IgA targets were significantly 42 

different compared to controls. Proinflammatory and pathogenesis-related metabolic pathways 43 

were enriched in CDP. Further, we identified inflammatory metabolites, particularly microbiota-44 

derived taurodeoxycholic acid (TDCA) as increased in CDP.  45 

Conclusion: Our study defines an inflammatory gut microbiota for the CDP including its 46 

composition, function, IgA response and related plasma metabolites. The inflammatory nature of 47 

CD gut microbiota during development is potentially related to the onset of the disease. 48 

Targeting inflammatory bacteria in this critical window could affect the pathogenesis and 49 

prognosis of CD. 50 

 51 
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Significance of this study 52 

What is already known on this subject? 53 

• Celiac Disease (CD) is a gluten induced immune-mediated disease in genetically 54 

predisposed individuals.  55 

• CD incidence is increasing worldwide which genetics alone cannot explain. Previous 56 

studies have shown that the gut microbiota of CD patients differ from that of healthy 57 

populations. However, the role of the microbiome in CD pathogenesis and its role in 58 

chronic inflammation is yet be established.  59 

What are the new findings? 60 

• In a prospective longitudinal study in children using samples representing all three phases 61 

of gut microbiota development (ages 1, 2.5 and 5), we identified significant differences in 62 

the composition and function of gut microbiota at each phase. Pathogenesis and 63 

inflammation-related functions are enriched in the gut microbiome of CD progressors.   64 

• We applied IgA-sequencing to identify inflammatory bacteria in both healthy subjects 65 

and CD progressors. Flow Cytometry analysis identified more IgA coated bacteria at ages 66 

1 and 5 in CD progressors, indicating an early inflammatory response. CD bacterial IgA 67 

targets also differed significantly from healthy controls.  68 

• We analyzed plasma metabolites obtained at age 5. The CD plasma metabolome was 69 

significantly different from healthy controls. Particularly, proinflammatory plasma 70 

metabolites, including microbiota-derived taurodeoxycholic acid (TDCA) and isobutyryl-71 

L-carnitine, were increased two-fold in CD progressors. 72 

How might it impact clinical practice in the foreseeable future? 73 
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• Our results establish a link between gut microbiota composition and chronic 74 

inflammation in CD during child development. The highly IgA-coated bacteria identified 75 

in IgA sequencing and inflammatory bacteria potentially contribute to CD pathogenesis. 76 

Targeting these bacteria in the early stages of CD development could be a preventative 77 

tool.  78 

• TDCA is a microbiota-derived proinflammatory metabolite increased two-fold in CD 79 

progressors. Increased TDCA levels may be used as a predictive/diagnostic tool in 80 

genetically predisposed subjects. Moreover, targeting TDCA-producing bacteria (e.g., 81 

Clostridium XIVa species) could potentially help to control the intestinal inflammation in 82 

CD. 83 

• Developing anti-inflammatory probiotics/prebiotics might be viable therapeutics for 84 

altering microbiota composition in children genetically predisposed for CD. These 85 

microbes/compounds may also complement a gluten-free diet in patients that continue to 86 

experience persistent CD symptoms.  87 

 88 

 89 

 90 

 91 

 92 

 93 

 94 

 95 
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INTRODUCTION 96 

Celiac disease (CD) is a gluten-induced autoimmune disorder that is predicted to affect 1 97 

in 100 individuals worldwide1. The adaptive autoimmune response in CD is characterized by 98 

gluten-specific CD4+ T cell and antibodies against gluten gliadin peptide and the enzyme tissue 99 

transglutaminase (tTG)2 responsible for deamidating the gliadin peptide1. This biochemical 100 

reaction increases the immunogenicity of gliadin peptides. Antigen-presenting cells (APCs) 101 

present gliadin peptides to T cells and cause mucosal lesions in the small intestine3. Almost all 102 

CD patients possess HLA-DQ2 or HLA-DQ8. Although 20%- 40% of the population in Europe 103 

and the USA carries these alleles, only 1% of individuals develop the disease4. These findings 104 

suggest that the presence of HLA-DQ2 or HLA-DQ8 genes are necessary but not sufficient for 105 

the development of CD and thus environmental factors also play a role in disease onset3. King et 106 

al. recently showed that the incidence of CD to be increasing by 7.5% per year in the last 107 

decades5. Furthermore, even among twins, the concordance of CD is not 100 %6 7.  108 

This evidence indicates that CD is a multifactorial disease and environmental factors play 109 

a role in CD onset. Various environmental factors are implicated in CD development8, but the 110 

roles of these environmental factors in CD progression remain largely unknown. Gut 111 

microbiome studies observe an altered microbial9 and metabolite composition10 11 in both infant 112 

and adult CD patients but have not identified any causal link12 13. Immunoglobulin A (IgA) is the 113 

most abundant antibody isotype at mucosal surfaces and is a major mediator of intestinal 114 

immunity in humans14. IgA-sequencing (IgA-seq) combines bacterial flow cytometry with high-115 

throughput sequencing to identify distinct subsets of highly IgA coated (IgA+) and non-coated 116 

microbiota (IgA-)15-17. It was previously shown in a mice model that IgA+ microbiota could 117 

induce more severe colitis than IgA- microbiota18. Similarly, IgA-seq identified Escherichia coli 118 
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as an inflammatory bacterium enriched in Crohn's disease-patients with spondyloarthritis19. 119 

Therefore, we hypothesized that the pathogenic bacteria and some immunoregulatory 120 

commensals involved in CD onset would be highly coated with IgA (IgA+) while most of the 121 

commensals would not be coated (IgA-). We also hypothesized that the immune response would 122 

have specific targets in CD progressors that differ from the control targets.  123 

In this study, we assessed the composition and function of the gut microbiota in a 124 

prospective, longitudinal cohort of 32 children matched for human leukocyte antigen (HLA) 125 

genotype and breastfeeding duration (n=16/group). We focused on samples obtained at ages 1, 126 

2.5 and 5 because these samples represent the three stages of gut microbiota development20. We 127 

then identified the functional pathways enriched in CD progressors, determined the targets of the 128 

IgA in the gut microbiota using IgA-seq. Lastly, we compared the plasma metabolome and 129 

identified significant differences. Our findings demonstrate that children who go on to develop 130 

CD have significant alterations in their gut microbiome years before diagnosis. CD-associated 131 

gut microbiota are enriched in inflammatory- and pathogenicity-related bacteria, as well as 132 

microbial functions and metabolites that potentially contribute to chronic inflammation in CD. 133 

 134 

EXPERIMENTAL PROCEDURE:  135 

Human Fecal Samples 136 

The fecal samples were obtained from subjects in the All Babies in Southeast Sweden 137 

(ABIS) cohort. ABIS study was ethically approved by the Research Ethics Committees of the 138 

Faculty of Health Science at Linköping University, Sweden (Ref. 1997/96287 and 2003/03-092) 139 

and the Medical Faculty of Lund University, Sweden (Dnr 99227, Dnr 99321). All children born 140 

in southeast Sweden between 1st October 1997 and 1st October 1999 were recruited. Informed 141 
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consent from the parents was obtained. Fresh fecal samples were collected either at home or at 142 

the clinic. Samples collected at home were stored at -20 °C with freeze clamps, mailed to the 143 

WellBaby Clinic and stored dry at −80 °C. The questionnaire was completed by the parents to 144 

collect participants’ health information including, but not limited to, breast feeding duration, 145 

antibiotic use, gluten exposure time, and more. In total 68 fecal samples were collected for the 146 

analysis (10 at 1 year old, 32 at 2.5 years old and 26 at 5 years old).   147 

 148 

IgA+ and IgA- Bacteria Separation and Fecal IgA Flow Cytometry  149 

IgA+ and IgA- bacteria separation was performed as previously describe18. Briefly, 150 

human fecal bacteria were stained with Anti-human IgA PE (clone IS11-8E10 Miltenyi Biotec) 151 

followed by Magnetic Activated Cell Separation (MACS) or flow cytometric analysis.  152 

Additional details are provided in the Supplemental Methods. 153 

 154 

Flow Cytometric analysis. 155 

Bacterial cells were isolated from fecal samples as described in the Supplemental 156 

Methods and analyzed by flow cytometry using a BD FACSAriaTM IIIu cell sorter (Becton-157 

Dickinson) as previously described15. 158 

 159 

16S rRNA Gene Sequencing and Statistical Analyses 160 

            16S rRNA sequencing of the V4 region sequencing for all bacteria samples were 161 

performed on the Miseq platform with barcoded primers. Microbial diversity and statistical 162 

analyses were performed with data 2, phyloseq 2, vegan, edge, and PICRUSt2. Additional details 163 

are provided in the Supplemental Methods. 164 
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 165 

Plasma Metabolomics and Metabolite pathway Analyses 166 

Preparation of plasma samples for metabolomics analysis and subsequent plasma 167 

metabolomics and metabolite pathway analyses were performed as previously described21. 168 

Additional details are provided in the Supplemental Methods. 169 

 170 

 171 

RESULTS 172 

Study Cohort 173 

All Babies in Southeast Sweden (ABIS) is a prospective population-based study that 174 

established a large biobank of biological specimens obtained longitudinally at birth and ages 1, 175 

2.5, and 5. To determine the role of gut microbiota in CD pathogenesis, we used ABIS samples 176 

selecting a sub cohort of 32 individuals born 1997-1999 in Sweden. We chose 16 subjects who 177 

developed CD but were not diagnosed with any other autoimmune disease as of December 2017. 178 

We matched this group with 16 healthy controls based on their HLA-risk class distribution and 179 

breastfeeding duration (Table S1). The diagnosis of CD for 11 individuals occurred after the age 180 

of 5, one subject was diagnosed at age 1.8 while the other four were diagnosed between the ages 181 

of 2.5 and 5. Swedish National Patient Register22 was used for verifying diagnosis of CD 182 

according to international classification of disease (ICD) code-10 K90.0. In total, we used 68 183 

longitudinal stool samples (Table S1). Although we did not match subjects for other parameters, 184 

timing of gluten exposure, delivery method, breastfeeding duration, family history of CD, 185 

infections and use of antibiotics were comparable between groups (Table S1).  186 

Celiac Disease Progressors Have a Distinct Gut Microbiota Composition  187 
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By sequencing the V4 region of the 16S rRNA gene18, we identified 661 operational 188 

taxonomic units (OTUs) (Table S2). Consistent with previous studies23, gut microbiome alpha 189 

diversity increased until age 2.5 and remained stable up to age 5 in both groups. However, alpha 190 

diversity was significantly higher for the CD progressors at age 1, indicating a more diverse 191 

microbiota composition (Figure 1A). Beta diversity was comparable between CD and healthy 192 

controls in each phase (Figure 1A). Non-metric multidimensional scaling (NMDS) plots show a 193 

trend of separation of gut microbiome composition between CD and healthy control individuals 194 

at ages 1 and 2.5 (Figure 1B).   195 

Relative abundance analyses of microbial taxa uncovered strong differences at both 196 

phylum and genus levels between the CD progression and healthy microbiota, with the largest 197 

differences occurring in the first year (Figure 1C). CD progressors had higher levels of 198 

Firmicutes than controls, while Verrucomicrobia was only identified in control samples. Relative 199 

abundances of the genera Prevotella, Romoboutsia, Roseburia, Rumminococcus, Ruminococcus2 200 

(Ruminococcus of family Lachospiraceae), Streptococcus, and Veillonella were higher in the CD 201 

progressors (Fig 1C, D). The Acinetobacter genus was highly enriched in controls but was 202 

absent in CD progressors at age 1. However, these differences dissipated over time at both the 203 

genus and phylum levels. 204 

When we analyzed the differences at the level of OTUs, we identified 10 OTUs that are 205 

significantly (FDR≤0.05, p<0.05) different at age 1. Clostridium XVIII, Ruminococcus bromii, 206 

Bifidobacterium dentium, and Clostridium XIVa sciendens were highly enriched in CD 207 

progressors while Enterococcus was highly enriched in control samples (Figure S1A, Figure 208 

1D). We identified more significant differences in OTU level at ages 2.5 and 5. 133 OTUs were 209 

different at age 2.5 and 112 OTUs were different at age 5 (Figure 1E). The most significantly 210 
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enriched OTUs in CD samples were Dialister and Gemmiger at age 2.5. On the other hand, 211 

Bacteroides eggerthii and Methanobrevibacter, and Ruminococcus2 were highly enriched in 212 

healthy subjects (Fig S1B). Likewise, Phascolarctobacterium faecium and Dialister and 213 

Ruminococcus were enriched in CD samples while Prevotella and Holdemanella were enriched 214 

in healthy samples at age 5 (Fig S1C). These results demonstrate that the gut microbiota in CD 215 

progressors are significantly different from healthy controls in the first 5 years of life. 216 

CD progressors Have More Bacteria Coated with IgA Indicating an Inflammatory 217 

Gut Microbiota Composition 218 

To test our initial IgA hypothesis, we used a modified method of IgA-sequencing1 219 

(Figure S2A). PCA analysis showed a clear separation between IgA+ and IgA- bacteria at all 220 

ages both in control and CD samples (Figure 2A). We also identified an overall separation for 221 

all samples (Figure S2B). We confirmed this finding using flow cytometry (Figure S2C). The 222 

flow cytometry analysis revealed that the number of IgA+ bacteria was increased from a least 223 

squares (LS) mean of 4.57% at age 1 to 8.88% at age 2.5 and maintained at 6.03% at age 5 in 224 

controls. On the other hand, IgA+ bacteria  was already LS mean 11.05% at age 1  in the CD 225 

progressors, indicating a two fold increase compared to controls. It was 8.5 % at age 2.5, 226 

comparable to control samples. At age 5, there was a two-fold increase compared to the controls 227 

and 12.8 % of the bacteria was IgA+ in CD progressors (Figure 2B).  These results reveal that 228 

CD progressors have more IgA+ bacteria especially at age 5 (p=0.026). When we removed the 229 

five CD progressors who developed CD before age 5 from the analysis, we had the same 230 

significant result (Figure S2D). This result indicates a more pathogenic gut microbiota 231 

composition and a more inflammatory environment for CD progressors. Moreover, we also show 232 
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that only a small fraction of the microbiota are coated by IgA during development (~ 5-8 %) in 233 

healthy controls and it is increased in the disease state (8.5-12 %).  234 

A Specific IgA Response to Bacteria Develops After Age 1 235 

Because there are very few reports on the IgA response in early human gut microbiota 236 

development17, we first focused on the results obtained from the healthy children. We did not 237 

observe any difference between IgA+ and IgA- samples in the control group at age 1 (Figure 238 

S3A). This result suggests that the IgA response does not target specific bacteria in this early 239 

stage of development. Consistent with the flow cytometry analysis, we identified 113 OTUs at 240 

age 2.5 and 43 OTUs at age 5 that were significantly different between IgA+ and IgA- samples 241 

in healthy controls (Figure S3A, Table S2). The top targets of IgA in healthy subjects were 242 

OTUs Clostridium IV, Bifidobacterium and Bacteroides clarus at age 2.5 and Clostridium IV, 243 

Gemmiger and Elizabethkingia at age 5.  244 

Meanwhile we identified only one OTU, Brucella, that was different between IgA+ and 245 

IgA- samples in CD progressors at age 1. Notably, 121 and 41 OTUs were significantly different 246 

at ages 2.5 and 5, respectively (FDR≤0.05, P<0.05; Figure S3A). CD progressors shared similar 247 

top IgA targets with those in healthy subjects such as Clostridium IV at ages 2.5 and 5 and 248 

Gemmiger at age 5. On the other hand, CD progressors showed unique targets of the IgA+ 249 

including Coprococcus comes, Bacteroides finegoldii and Methanobrevibacter at age 2.5 and 250 

Faecalibacterium prausnitzii, Clostridium XlVa and Streptococcus at age 5.  251 

IgA Response Targets Are Comprised of Different Bacteria in CD progressors  252 

Consistent with the presorting data, the alpha diversity increased at age 2.5 and remained 253 

stable in both control and CD IgA- groups (Figure 2C). Likewise, beta diversity was comparable 254 

between CD IgA- and control IgA- samples (Figure 2C). There was a separation of IgA- gut 255 
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microbiome composition between CD and healthy control individuals at ages 1 and 2.5 (Figure 256 

2D). The first year IgA- microbiome composition was most different at the phylum and genus 257 

levels between groups as observed in the presorting samples for the same time point. These 258 

observed differences were less pronounced in the IgA+ samples and mostly dissipated over time 259 

(Figure 2E). At age 2.5, IgA-seq identified 144 different OTUs between control IgA- samples 260 

and CD IgA- samples. Likewise, we identified 167 different OTUs between control IgA+ 261 

samples and CD IgA+ samples (FDR<0.05, p<0.05, Figure S3B). At age 5, 71 OTUs were 262 

different between control IgA- and CD IgA- samples. Additionally, 112 different OTUs were 263 

identified for CD IgA+ and control IgA+ samples (Figure S3B). The top differential targets of 264 

the immune system were Clostridium IV, Bacteroides finegoldii, and Dislister propionicifaciens 265 

at age 2.5 and Enterobacter, Blautia, and Enterobacteriaceae at age 5 in CD progressors.  266 

In addition to the differences caused by altered gut microbiota composition, we also 267 

identified 72 OTUs at age 2.5 and 45 OTUs at age 5 in which abundances were the same in the 268 

gut microbiota of CD and healthy samples (presorting) but differentially targeted by the immune 269 

system (Table S3). For example, Lachnospiraceae, Bacterioides finegoldii (Figure S3C, 1E), 270 

and Bacteroides vulgatus OTUs at age 2.5 and Enterobacter, Blautia (Figure S3C), and 271 

Barnesiella OTUs at age 5 were coated with IgA in CD groups but not in controls. Overall, these 272 

results indicate that not only gut microbiota composition, but also the IgA response to microbiota, 273 

is altered in CD progressors. 274 

Pathogenesis and Inflammation Related Functions Are Enriched in CD Progressors’ 275 

Gut Microbiota  276 

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 277 

(PICRUSt) analysis24 is designed to estimate the functional metagenome of gut bacteria using 278 
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16S rRNA data (Figure S4A). Combining PICRUSt with Kyoto Encyclopedia of Genes and 279 

Genomes (KEGG) metabolic pathway analysis, we identified 71 different metabolic pathways 280 

that differed between CD and control samples at age 1 (FDR<0.05, Figure 3A). Among these 281 

pathways, N-glycan biosynthesis, penicillin and cephalosporin biosynthesis, beta-Lactam 282 

resistance and bacterial chemotaxis pathways were the top pathways enriched in CD progressors 283 

(Figure S5A). Interestingly, most of these pathways are involved in bacterial pathogenesis25 26 or 284 

shaping the composition of microbiota27 28. We also identified 9 pathways showing strong trends 285 

of difference at ages 2.5 and 5. For example, styrene degradation, lysine degradation, fatty acid 286 

metabolism and glutathione metabolism were decreased in CD progressors at age 2.5 (P≤0.05) 287 

(Figure S5B). Meanwhile, retinol metabolism, steroid hormone biosynthesis, and 288 

glycosaminoglycan degradation pathways were increased in CD progressors at age 5 (P<0.05) 289 

(Figure S5C). We also identified interesting correlations between the most abundant 20 OTUs 290 

and most different 20 metabolic pathways (Table S4). Among these correlated OTUs, some 291 

were identified at the species level at each phase (Figure S6A-C) 292 

We also used PICRUSt to examine the functional pathways comparing IgA+ to IgA- 293 

microbiota (Figure 3B, S4B, Table S5). We identified styrene degradation pathway enriched in 294 

IgA+ population at age 1. Further, we identified 31 different functional pathways at age 2.5 and 295 

23 functional pathways at age 5 (FDR<0.05) in the healthy subjects. The top enriched pathways 296 

in healthy IgA+ population were styrene degradation, chloroalkane and chloroalkene degradation, 297 

and toluene degradation at the ages of 2.5 and 5 years old. Analyzing CD samples, we identified 298 

7 pathways at age 1, 28 pathways at age 2.5 and 13 pathways at age 5 enriched in IgA+ 299 

microbiota (FDR<0.05). The most significantly enriched pathways in CD IgA+ microbiota were 300 

beta- alanine metabolism, chloroalkane and chloroalkene degradation, and styrene degradation 301 
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for all three phases. At age 1, CD progressors had more metabolic pathways predicted to be 302 

enriched in the IgA+ samples compared to healthy control. For example, pathogenic pathways, 303 

bacterial invasion of epithelial cells and beta-alanine metabolism were identified in CD IgA+ 304 

microbiota population but was absent in control IgA+ at age 1. 305 

Plasma Metabolomics Analysis Reveals an Inflammatory Metabolic Profile for CD 306 

Progressors  307 

In order to determine the early markers of CD progression in the plasma metabolome and 308 

its link to gut microbiota, we applied a targeted plasma metabolomics analysis. We used 10 CD 309 

and 9 control plasma samples obtained at age 5. Three subjects in the CD group were diagnosed 310 

before age 5. In total, we identified 386 metabolites. Partial least squares-discriminant analysis 311 

(PLS-DA) showed a clear separation of the plasma metabolites between CD-progressors and 312 

healthy control groups (Figure 4A). Volcano plots show the most significantly altered 313 

metabolites (Figure 4B, Table S6). We identified a clear separation between these groups and 314 

19 out of 387 metabolites were significantly different (p < 0.05, Table S6) between the two 315 

groups. The top three most altered metabolites (p < 0.01) were TDCA, Glucono-D-lactone and 316 

Isobutyryl-L-carnitine. All three top metabolites were increased in CD samples (Figure 4C). The 317 

most altered metabolite, TDCA, is a conjugated bile acid that was shown to be 318 

proinflammatory29. TDCA is mainly produced by gut microbes, particularly by Clostridium 319 

XIVa and Clostridium XI, with 7-α-dehydroxylation of taurocholic acid and cholic acid30. This 320 

result is consistent with our microbiota analysis since we identified several Clostridium XIVa 321 

OTUs that were significantly more abundant in CD samples, especially at age 5 (Figure 4D). 322 

The heat map shows 50 of the most altered metabolites and indicates a strong signature in the 323 

plasma metabolome in which 19 metabolites were significantly altered (p<0.05) (Figure 4E). 324 
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We used Pathway Analysis to determine the functions related to these metabolites (Figure 4F, 325 

Table S4). Indeed, pentose phosphate pathway (PPP), lysine degradation, and glycolipid 326 

metabolism were the most significantly altered pathways.  327 

DISCUSSION 328 

Recent studies have demonstrated strong associations between the gut microbiota and the 329 

pathogenesis of autoimmune diseases31. Studies of the gut microbiome in CD have demonstrated 330 

intestinal dysbiosis in CD patients9 13 32 33.  However, the majority of these studies were 331 

performed using adult samples with diagnosed disease and none of them used a longitudinal 332 

approach as this study. Human gut microbiota development is divided into three phases; a 333 

developmental phase (months 3-14), a transitional phase (months 15-30), and a stable phase 334 

(months 31-46)20. Because recent data show that most childhood CD cases will develop by age 335 

5years34, we analyzed samples representing all of these critical phases. We report, for what we 336 

believe is the first time, that there are significant differences in microbiome composition and 337 

function at each developmental phase in CD progressors. 338 

In this study, we first showed that alpha diversity was significantly higher in the CD 339 

progressors compared to healthy controls at age 1 (Figure 1A). This was an unexpected finding 340 

since alpha diversity is reported to be lower in children developing Type 1 Diabetes indicating a 341 

difference between two immune-mediated diseases35. Consistent with previous reports33, we 342 

identified the proportion of phylum Firmicutes higher in CD progressors at age 1. (Figure 1C). 343 

Bacterial proteases of species mostly classified within the Firmicutes phylum are involved in 344 

gluten metabolism and this might be a link to CD36. Additionally, we observed that phylum 345 

Verrucomicrobia was only identified in control group at age 1.  Akkermansia is the only genus of 346 

the Verrucomicrobia phylum identified in gut microbiota37. In particular, Akkermansia 347 
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muciniphila has a key role in maintaining the integrity and the function of the mucus barrier and 348 

it is inversely associated with several diseases38. Further, we identified bacterial species highly 349 

enriched in CD progressors at age 1 including Ruminococcus bromii, Bifidobacterium dentium, 350 

and Clostridium XIVa sciendens. A previous study reported that the abundance of R. bromii was 351 

greatly reduced in CD patients when gluten free (GF) diet was introduced39. Consistent with our 352 

findings, other studies have shown that the abundance of B. dentium was increased in the CD 353 

patients40. Clostridium XIVa genus is responsible for producing the proinflammatory metabolite 354 

TDCA. As subjects aged, the differences in the gut microbiota was decreased at the phylum level 355 

but significantly increased in the OTU level, which is more informative about massive alterations 356 

in the microbiota of CD progressors. 357 

Intestinal IgA plays a crucial role in defending against pathogenic microorganisms and in 358 

maintaining gut microbiome homeostasis. Interestingly, IgA-deficient patients are more 359 

susceptible to variety of pathologies, including CD41. Planer et al described mucosal IgA 360 

responses progression during two postnatal years in healthy US twins17. They showed that (i) 361 

IgA coated bacteria is affected by age and host genetics and (ii) IgA response is determined by 362 

"intrinsic" properties of gut microbiota community members. We used a similar approach to 363 

investigate the gut immune development towards healthy and CD states, we initially focused on 364 

the development of the IgA response during the gut microbiota maturation. At age 1, we did not 365 

identify any OTUs that were significantly different in IgA- and IgA+ samples, suggesting that 366 

the intestinal IgA response is not mature enough to target specific bacteria in the gut. However, 367 

we identified one OTU in the pathogenic Brucella genus that was highly coated with IgA in CD 368 

progressors. Further studies using distinct cohorts will be needed to verify this result, but 369 

Brucella species are well characterized pathogens42 and might be related to increased 370 
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inflammation and IgA responses. Flow cytometry analyses showed that the IgA response is 371 

highly selective and only a small fraction of the gut microbiota is highly coated with IgA in the 372 

first five years of life. More importantly, the percentage of IgA+ bacteria was higher in CD 373 

progressors compared with healthy controls at ages 1 and age 5. While a reduction of secretory 374 

IgA (sIgA) using infant (4-6 months) fecal samples in CD progressors12 was reported previously, 375 

we did not observe such a defect in our cohort but identified a two fold increase in the number of 376 

IgA coated bacteria in CD progressors especially at age 5. 377 

 Our analysis revealed 144 OTUs at age 2.5 and 167 OTUs at age 5 years old that were 378 

highly IgA coated in the CD progressors. Among them Coprococcus comes, Bacteroides 379 

finegoldii at age 2.5 and Faecalibacterium prausnitzii and Clostridium_XlVa at age 5 were the 380 

main targets of the mucosal immune response in CD progressors. Among these bacteria, 381 

Coprococcus comes has been recently identified as the main IgA target in the human colon43.  382 

Notably, we identified 72 OTUs at age 2.5 and 45 OTUs at age 5 that are equally abundant in 383 

CD progressors and healthy controls, but selectively targeted by IgA in CD progressors. Some of 384 

these OTUs are at the species level. For example, Bacterioides finegoldii, and Bacteroides 385 

vulgatus at age 2.5 and Peptostreptococcus stomatis at age 5 were selectively targeted by IgA in 386 

CD progressors but not in controls. B. vulgatus was implicated in the development of gut 387 

inflammation and a previous report identified this bacterium as enriched in older children with 388 

CD44 45. In agreement with our results, a pathogenic role for Bacteriodes species is found to be 389 

related to the loss of integrity of the intestinal epithelial barrier45. 390 

PICRUSt analyses showed significant differences at all developmental phases, in 391 

particular, within the transition period at age 1. Most significant differences were identified in 392 

pathways related to bacterial pathogenesis and shaping the composition of microbiota. For 393 
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example, glutathione metabolism was greatly decreased in CD progressors. Decreased 394 

glutathione redox cycle in CD patients is strongly associated with disease development46. At age 395 

5, PICRUSt predicted that retinol metabolism, steroid hormone biosynthesis, and 396 

glycosaminoglycan degradation as over-represented pathways in CD progressors. Retinoic acid 397 

is one of the products of retinol metabolism and plays a key role in the intestinal immune 398 

response47. A previous study showed that retinoic acid mediated inflammatory responses to 399 

gluten in CD patients48. The increased retinol metabolism and glycosaminoglycan degradation 400 

pathways in CD progressors are potentially related to chronic inflammation. Indeed, 401 

glycosaminoglycan help to form a protective barrier for the intestinal mucin. The breakdown of 402 

glycosaminoglycan is reported to be associated with inflammatory response in intestinal 403 

disorders such as IBD49. These results suggest that during the developmental phase, the gut 404 

microbiota functions in CD progressors were related to shaping the gut microbiota composition. 405 

Entering the transition phase, the gut microbiota in CD progressors displayed more 406 

proinflammatory and oxidative stress related features. At stable phases, gut microbiota in CD 407 

progressors begin to become more involved in functions related to the clinical manifestation of 408 

the disease. This longitudinal observation provides insight into the proinflammatory and 409 

pathogenic function of gut microbiota in different stages of early CD pathogenesis.  410 

Although the hallmark of the CD is intestinal inflammation, the disease affects different 411 

tissues. To determine the systemic effects of gut microbiota on different organs, we performed a 412 

comparative plasma metabolomics analysis at age 5. In agreement with the gut microbiota 413 

analysis, plasma metabolites were significantly altered prior to diagnosis in CD progressors. The 414 

top plasma metabolites altered were TDCA and Isobutyryl-L-carnitine (Figure 4C) in which 415 

both were increased two-fold in CD progressors. TDCA is a conjugated bile acid that is shown to 416 
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be proinflammatory29 and is mainly produced by gut bacteria, particularly by Clostridium XIVa 417 

and Clostridium XI30. This observation suggests that the plasma TDCA detected in our study is 418 

secondary to the increased abundance of some Clostridium XIVa species in CD progressors at 419 

age 5 (Fig 4D). Likewise, Isobutyry-l-carnitine is a member of acylcarnitines. As the byproduct 420 

of incomplete beta oxidation, the increased isobutyry-l-carnitine is related to abnormalities in 421 

fatty acid metabolism50 and activates proinflammatory signaling51. Pathway analysis for plasma 422 

metabolites identified several pathways including pentose phosphate pathway (PPP), lysine 423 

degradation, and glycerolipid metabolism. PPP was identified as the most significantly altered 424 

pathway and stimulates formation of NADPH for antioxidant, thereby controlling cell 425 

inflammation. Thus, plasma metabolites of CD progressors are a component of the inflammatory 426 

storm. 427 

Currently, the only way to treat CD is strict adherence to a gluten-free (GF) diet, but 20% 428 

of patients do not respond to GF diet and continue to have persistent or recurrent symptoms52.  429 

CD permanently reshapes intestinal immunity and alterations in TCRγδ+ intraepithelial 430 

lymphocytes in particular may underlie non-responsiveness to the GF diet53. Our findings 431 

suggest that the inflammatory nature of the CD progressors’ gut microbiota is a key component 432 

of intestinal inflammation in CD. The proinflammatory factors identified in this study potentially 433 

trigger local and systemic inflammation independent of the diet and may explain a failure to 434 

respond to GF diet in some patients. Taken together, our findings suggest that the gut microbiota 435 

of CD progressors in the first five years of life has profound effects on the inflammatory 436 

response and can potentially contribute to onset and progression of CD. These early markers, for 437 

example TDCA, have the potential to serve as useful biomarkers for CD diagnosis. 438 
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Understanding the role of the gut microbiota in chronic inflammation in CD may open novel 439 

approaches to understand disease pathogenesis and reveal new preventive and treatment models. 440 
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Figure Legends 633 

 634 

Figure 1. The Gut Microbiota of Children Developing CD and Healthy Controls were 635 

Different in the First 5 Years of Life.  636 

a. Box plots showing the comparison between CD progressors and healthy controls : the alpha 637 

diversity measured by observed (upper panel) and the beta diversity measured by Bray–Curtis 638 

dissimilarity (lower panel).  639 

b. Non-metric MultiDimentional Scaling (NMDS) analysis ordination of sample 640 

similarity/dissimilarity between CD progressors and healthy controls at age 1, 2.5, and 5 years 641 

old. Each circle represents an individual sample. 642 

c. Average relative abundance of bacterial phylum (upper panel) or genera (lower panel) of 643 

greater than 1% abundance (proportion) between the gut microbiota of CD progressors and 644 

healthy controls at age 1, 2.5, and 5 years old (taxa average relative abundance>1%).  645 

d. Heat map showing the relative abundance of the top OTUs significantly different between CD 646 

progressors and healthy controls. Each column represents an individual participant and each raw 647 

represents an OTU.  648 

e. Empirical Bayes quasi-likelihood F-tests analysis for the comparisons of gut microbiota OTUs 649 

between CD progressors and healthy controls age 1, 2.5, and 5 years old. Frequency: number of 650 

OTUs. a-e: age 1: n=5/group; age 2.5: n=16/group; age 5: n=13/group. 651 

 652 

Figure 2. IgA-based Sorting and 16S sequencing revealed that Gut Microbiota were 653 

Differentially Coated by IgA.   654 

a. Principle component analysis (PCA) of sample similarity/dissimilarity between IgA+ and IgA- 655 
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microbiota in healthy control (left) or CD progressors (right).  656 

b. Flow cytometry results for IgA coating of fecal bacteria from CD progressors and healthy 657 

controls at at age 1, 2.5 and 5.  Indicated are mean±SEM. *P<0.05 (Two way ANOVA). 658 

c.  Box plots showing the comparison between CD progressors and healthy controls : the alpha 659 

diversity measured by observed for IgA+/IgA- microbiota (upper panel), and the beta diversity 660 

measured by Bray–Curtis dissimilarity for IgA+/IgA- microbiota (lower panel) at ages 1, 2.5 , 661 

and 5 years old. *P<0.05. 662 

d. NMDS analysis ordination of IgA+/IgA- microbiota similarity/dissimilarity between CD 663 

progressors and healthy controls at ages 1, 2.5, and 5 years old. Each circle represents an 664 

individual sample. 665 

e. Average relative abundance of IgA+/IgA- bacterial phylum (left) or genera (right) of greater 666 

than 1% abundance (proportion) between the gut microbiota of CD progressors and healthy 667 

controls at ages 1, 2.5, and 5 years old (taxa average relative abundance>1%).  668 

f Heat map showing the relative abundance of the top OTUs significantly different between 669 

IgA+/IgA- CD progressors and healthy controls (OTUs=51 based on p-value). Each column 670 

represents an individual participant and each raw represents an OTU.  671 

a-f: age 1: n=5/group; age 2.5: n=16/group; age 5: n=13/group. 672 

 673 

Figure 3. The Enriched Microbial Pathways Altered in CD Progressors’ Gut  Microbiota 674 

are Significantly Different from Healthy Controls 675 

a. Heat map of PICRUSt predicted metabolic pathways of CD progressors and healthy controls. 676 

Each column represents an individual participant and each raw represents a predicted microbial 677 

functional pathway. Color code is shown on the figure. 678 
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b. Heat map of predicted metabolic pathways of CD progressors and healthy control obtained 679 

from PICRUSt analysis. Each column represents an individual participant and each raw 680 

represents a predicted microbial functional pathway. a-b: ages 1year old : n=5/group); age 2.5 681 

years old: n=16/group; age 5 years old: n=13/group. 682 

 683 

Figure 4. CD Progressors Have a Distinct Plasma Metabolic Profile at Age 5 684 

a. Partial Least Square-Discrimination Analysis (PLS-DA) of plasma metabolites for CD 685 

progressors (n=10) and controls (n=9).  686 

b. Volcano plot of plasma metabolites with fold change threshold (|log2 (FC)|>1.2) and t-tests 687 

threshold (-log10(p)>0.1). The red dots represent metabolites above the threshold. Fold changes 688 

are log2 transformed and p values are log10 transformed.  689 

c. Box plots showing three most significantly increased metabolites in CD plasma.  690 

d. Box plots showing the representative Clostridium XIVa bacteria abundance between CD 691 

progressors and healthy controls. 692 

e. Heatmap showing 50 of the most altered metabolites  693 

f. The Pathway Analysis  (combined results from powerful pathway enrichment analysis with 694 

pathway topology analysis) identify the most altered metabolic pathways between  695 

CD progressors and healthy controls. Pathway impact value (x) is calculated from pathway 696 

topology analysis. p is the original p value calculated from the enrichment analysis and depicted 697 

on a logarithmic scale. 698 

 Figure S1. Box plots of representative bacteria that are differentially distributed in CD 699 

progressors and healthy controls at a. Age 1 year old. b. Age 2.5 years old 700 

and c. age 5 years old. 701 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 5, 2020. ; https://doi.org/10.1101/2020.02.29.971242doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.29.971242


28 
 

 702 

Figure S2. Flow Cytometry Analysis of IgA Coating of Fecal Bacterial from CD 703 

Progressors and Health 704 

a. Schematic overview of IgA-based fecal bacteria separation combined with 16S rRNA gene 705 

sequencing (IgA-seq) for stool samples from CD progressors and healthy controls. MACS: 706 

Magnetic-activated cell separation  707 

b. PCA plot of separation for all samples including presorting and postsorting (after IgA-seq) 708 

from both CD progressors and healthy controls in all age groups. Round dot: IgA coated and 709 

triangle: IgA uncoated. (Age 1: n=5; Age 2.5: n=16; Age 5: n=13).  710 

c. Representative flow cytometry results of human fecal bacteria from healthy control and CD 711 

progressors with anti-IgA. (Age 1: n=5; Age 2.5: n=16; Age 5: n=13). 712 

d. Flow cytometry results for IgA coating of fecal bacteria from CD progressors and healthy 713 

controls at at age 1, 2.5 and 5 excluding results from CD progressors with CD diagnosis before 5. 714 

(Age 1: n=5; Age 2.5: n=15 and 16; Age 5 n=9 and 13). Indcated are mean±SEM. *P<0.05 (Two 715 

way ANOVA). 716 

 717 

Figure S3. IgA- Sequencing for CD Progressors and Healthy Controls.  718 

a. Empirical Bayes quasi-likelihood F-tests analysis for the comparisons of IgA coated and non 719 

coated gut microbiota OTUs in healthy controls (upper row) and CD progressors (lower row) at 720 

ages 1, 2.5, and 5. Frequency: number of OTUs. 721 

b. Empirical Bayes quasi-likelihood F-tests analysis for the comparisons of IgA coated or non 722 

coated gut microbiota OTUs between CD progressors and healthy controls (upper row: age 2.5 723 

years old; lower row: age 5 years old). 724 
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c. Box plots showing representative bacteria in which abundances were similar in the gut 725 

microbiota (presorting samples) but differently targeted by IgA (upper row: age 2.5 years old; 726 

lower row: age 5 years old).  727 

a-c: Age 1 : n=5/group; Age 2.5: n=16/group; age 5:n=13/group. 728 

 729 

Figure S4. PICRUSt predicted genes enriched in pre-IgA seq and post-IgA seq samples.  730 

a. Heat map of PICRUSt predicted microbial genes enriched in CD progressors or healthy 731 

controls Each column represents an individual participants and each raw represents a predicted 732 

microbial gene.  COLOR CODE? 733 

b. Heat map of PICRUSt predicted microbial genes enriched in CD progressors or healthy 734 

controls after IgA sequencing. Each column represents an individual participants and each raw 735 

represents a predicted microbial gene.  736 

a-b: age 1: n=5/group; age 2.5: n=16/group; age 5: n=13/group. 737 

 738 

Figure S5. Box plots of representative metabolic pathways that are affected in CD 739 

progressors.  A. Age 1, B. Age 2.5 , C. Age 5  740 

 741 

Figure S6. Heat map showing the correlation of most significantly altered top 20 OTUs and 742 

most significantly altered 20 metabolic pathways at a. Age 1, b. Age 2.5 , c. Age 5. Color key  743 

represents the Pearson correlation coeffient.  744 

 745 
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Figure 2 POSTSORTING FIGURES: IgA Seq analysis differences
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Figure 3 PICRUST
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Figure 4 Plasma Metabolomics
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Figure S1. Pre-sorting. Most Significant Differences for PRESORTING

A. Age 1 B. Age 2.5

C. Age 5

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 5, 2020. ; https://doi.org/10.1101/2020.02.29.971242doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.29.971242


Figure S2. Post-sorting. IgA+ bacteria percentage
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Figure S4. PICRUST genes heat map
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Figure S5. PICRUSt
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Figure S6. Pearson correlation analysis
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