Fecal metabolic signals are associated with changes in microbiota and systemic metabolic
pathways in Crohn's disease

Nina Levhar!?, Rotem Hadar', Tzipi Braun', Hila Shacham!?, Yadid Algavi’, Raneen Naamneh!?,
Gilat Efroni!, Bella Agranovich® 4, Ifat Abramovich®#, Adi Talan Asher', Orit Picard!, Miri Yavzori',
Adi Lahat'?, Doron Yablecovitch', Uri Kopylov!?, Lee Denson’, Elhanan Borenstein>%’7, Rami
Eliakim'2, Shomron Ben-Horin!?, Amnon Amir', *Yael Haberman'!->>

'Sheba Medical Center, Tel-Hashomer, affiliated with Tel Aviv University, Tel Aviv, Israel.
2Faculty of Medical and Health Sciences, Tel Aviv University, Tel Aviv, Israel

3Laura and Isaac Perlmutter Metabolomics Center, Technion-Israel Institute of Technology, Bat
Galim, Haifa, Israel

4The Ruth and Bruce Rappaport Faculty of Medicine, Technion-Israel Institute of Technology, Bat
Galim, Haifa, Israel.

SCincinnati Children’s Hospital Medical Center, Department of Pediatrics, University of Cincinnati
College of Medicine, Cincinnati, OH, USA.

®Blavatnik School of Computer Science, Tel Aviv University, Tel Aviv, Israel

’Santa Fe Institute, Santa Fe, NM, USA

*Corresponding Author:
Yael Haberman, MD, PhD (Yael.Haberman@sheba.health.gov.il and yael.haberman@cchmc.org)
Sheba Medical Center, Tel-Hashomer, Israel. Telephone number: 972-3-5302692

One Sentence Summary: Changes in fecal metabolites are associated with microbial signals and
host metabolic pathways in the pathogenesis of Crohn's Disease (CD).

Author emails:

Nina Levhar, nina.levhar@gmail.com

Rotem Hadar, rotemhadar@gmail.com

Tzip1 Braun, zipikO@gmail.com

Hila Shacham, hilasha2@mail.tau.ac.il

Yadid Algavi, yadidalgavi@mail.tau.ac.il

Raneen Naamneh, raneen.naamneh@gmail.com
Gilat Efroni, Gilat.Efroni@sheba.health.gov.il

Bella Agranovich, bellakr@technion.ac.il

[fat Abramovich, ifat.a@technion.ac.il

Adi Talan Asher, Adi.TalanAsher@sheba.health.gov.il
Orit Picard, orit.picard@sheba.health.gov.il

Miri Yavzori, miri.yavzori@sheba.health.gov.il

Adi Lahat, zokadi@gmail.com

Doron Yablecovitch, doronyab@gmail.com

Uri Kopylov, ukopylov@gmail.com

Lee Denson, lee.denson@cchmc.org

Elhanan Borenstein, elbo@tauex.tau.ac.il

Rami Eliakim, ramieliakim@yahoo.com

Shomron Ben-Horin, shomron.benhorin@gmail.com
Amnon Amir, amnonim@gmail.com

Yael Haberman, yael.haberman@cchmc.org, Yael.haberman@sheba.health.gov.il




Supplementary Materials

Table S1. The number of overlapping samples in each omics’ pair in Fig. 2 and Fig. S1.
Datasets N samples

Serum metabolomics & Fecal metabolomics 117

Serum metabolomics & 16S 133

Fecal metabolomics & 16S 229

Fecal metabolomics & MGX 129

Supplementary datasets (Excel files)

Dataset S1: Datasets of the different omics, and their classifications/taxonomy.

Dataset S2: Multi-omics associations, as presented in Fig. 2 and Fig. SI.

Dataset S3: MaAsLin differential expression of serum metabolomics, fecal metabolomics, and 168,
in CD vs. controls, and the corresponding Metaboanalyst pathway enrichment in CD vs. controls, in
serum and feces, as presented in Fig. 3 and Fig. S3-5S4.

Dataset S4: MaAsLin differentially abundant serum and fecal metabolites, in clinically active CD
(vs. CD in remission), fecal calprotectin (FCP) > 100 (vs. FCP <100), elevated CRP (>5 vs. CRP
<5), as well as significant correlations of fecal metabolites with alpha diversity (faith pd) and CD
dysbiosis index, and the corresponding Metaboanalyst pathway enrichment in clinically active CD,

in serum and feces, as presented in Fig. 4 and Fig. S5.
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Fig. S1. Multi-omics associations. A. Histogram plots showing the distributions of Spearman rho
correlations of the same metabolite within and between the different omic datasets. Spearman rho
was calculated for pairs of samples obtained from the same subject [serum (yellow, n=294 pairs) and
fecal (purple, n=617 pairs)] in different sampling time points, while metabolites correlation between
serum and feces (orange) was calculated from pairs of samples obtained from the same subject and
timepoint (n=117 pairs). The dotted lines represent the mean Spearman rho. B-G. HAIIA
(Hierarchical All-against-All Associations) based heatmaps showing Spearman correlations between
serum metabolomics vs. fecal metabolomics (B), serum metabolomics vs. 16S microbial amplicon
sequence variant (ASV) taxa (C), and fecal metabolomics vs. shotgun metagenomics (MGX)
bacterial species (D), vs. MGX bacterial pathways (E), vs. MGX bacterial enzymes (ECs) (F), or vs.
MGX KEGG level 3 ontology (G). *Indicates FDR<0.05. The complete results are in Dataset S2.

Table S1 indicates the numbers of overlapping omics’ pairs of samples included in each analysis.
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Fig. S2. Relationship between 16S dataset and metabolomic profiles. Spearman correlation

between the first PLS component of (A) 16S microbial bacteria and fecal metabolomics (r= 0.665,

p=2.2*10"16), (B) 16S microbial bacteria and serum metabolomics (r= 0.564, p=2.2*10"1%), and (C)

fecal and serum metabolomics (r= 0.659, p=0.0175).
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Fig. S3. Differentially abundant 16S microbial taxa in CD vs. controls. Coefficient values of 16S ASVs
taxa that were differentially abundant (FDR<0.25) between CD samples and healthy controls (sample
n=258), based on MaAsLin multivariate analyses using patient ID as the random variable and controlling

for age and gender. Colors represent the direction of the coefficient as indicated. The complete results are

in Dataset S3.



A Retinol Metabolism ] B Mitochondrial Beta-Oxidation of Short Chain Saturated Fatty Acids A [ )
___ Urea Cycle Beta Oxidation of Very Long Chain Fatty Acids A o
Tyrosine Metabolism 4 : . .
Purine Metabolism 4 Glycine and Serine Metabolism 4 o
Malate-Aspartate Shuttle 4 Aspartate Metabolism+ @
Glutamate Metabolism 4 Ammonia Recycling{ @ g
Aspartate Metabolism - . . . . e ]
Arginine and Proline Metabolism | Alpha Linolenic Acid and Linoleic Agld Metabohsrn [ ] g
s Ammonia Recycling g Steroid Biosynthesis{ @ E
S Caffeine Metabolism - S Glycerolipid Metabolism+ @ 8
fud Glutathione Metabolism - - © ? Fatty acid Metabolism1 @
Q Methionine Metabolism 4 > O .
(%) Starch and Sucrose Metabolism 8 o) Fatty Acid Elongation Ivn M‘nochondnva- { J
Fructose and Mannose Degradation [T Fatty Acid Biosynthesis{ @
o Amino Sugar Metabolism = Bile Acid Biosynthesis{ @
Spermidine and Spermine Biosynthesis
Pyruvate Metabolism Vitamin B6 Metabolism4 @
Pyrimigilr:gcl\/)?ectlgb%ﬁg:ﬁ: Pyrimidine Metabolism+{ @
itami i nrichment_ratio icotinate and Nicotinamide Metabolism -
Vitamin B6 Metabolism Enrich t_rat Nicotinat d Nicot et vd Metab 'v ®
Glycerolipid Metabolism 4 ® 5 Histidine Metabolism+ @
Methylhistidine Metabolism ] e 10 Beta-Alanine Metabolism 1 @
Histidine Metabolism Propanoate Metabolism | @
Beta-Alanine Metabolism ® 15 Valine, Leucine and Isoleucine Degradation{ ®
Alpha Linolenic Acid and léinglﬁico;;-\cig m::ggg:igm @® 20 Tyrosine Metabolism+{ ®
phi Slg_agzl)se Synthésis ® 2 Threonine and 2-Oxobutanoate Degradation{ @
Lactose Degradation . 30 Spermidine and Spermine Biosynthesis{ @
Galactose Metabolism Methionine Metabolism+ @ T
Tryptophan Metabolism lutathi Met lism - <
Pentose Phosphate Pathway Glu ac |or1.e gab;) Isr.n_ : g
Porphyrin Metabolism T arnitine Synthesis =
Warburg Effect =3 Betaine Metabolism+ @ o
Transfer of Acetyl Groups into Mitochondria @ Phenylalanine and Tyrosine Metabolism{ @ o
Glycolysis E Thyroid hormone synthesis{ ®
Glucose-Alanine Cycle o . . .
Gluconeogenesis o Catecholamine Biosynthesis | ®
Taurine and Hypotaurine Metabolism Starch and Sucrose Metabolism{ ®
. Ryruvaldeshyqe D,\Aegrada1ion Fructose and Mannose Degradation{ @
! ! mino Sugar Metabolism 4
yoine ang Serine Metabolom Amino Sugar Metabolim |
Alanine Metabolism Warburg Effect1 ®
Valine, Leucine and Isoleucine Degradation Transfer of Acetyl Groups into Mitochondria{ ®
e s Body Metaboliom Pyruvate Metabolism | @
Fatty Acid Biosynthesis Galactose Metabolism 1 ®
Butyrate Metabolism Citric Acid Cycle{ ®
02468
-log10(FDR) -log10(FDR)
° N6-(Delta2-Isopentenyl)-Adenine @ Serum|® Serum
3 cis-5-Dodecenoic acid ©® Fecal |®Fecal
.
Threitol 'gefurl’“ ® Serum| @ Higher in CD
Nicotinamide OFecal (@Fecal | @ Higherin Cti
2 . Urate
)
— Pyridoxine Deoxycarnitine
c o “N-Acetyineuraminate
2 °% .
© ? 2 1
o = .
(0} 8 ° .
w (&) o Classifications
n R . Histidine o Lipids: Fatty acids
g 0 “ ° ®  Nucleosides
= ge Organic acids:
[e) ° Hydroxy and Keto acids
% o E' 3 ©  Organic acids: Amino acids
. i .
"q"J . : cis-10-Nonadecenoic acid . Sgﬂggﬁngggi” compounds:
-1 . ° . o Organoheterocyclic compounds:
> Eicosapentaenoic acid ° Purine/Pyridines/Pyrimidines
) © Other
Tricosanoic acid
.
-2 N-Formylglycihe
N-Formyl-L-Methionine ¢
-3

2 - 0 1 2

Metabolites coefficient

Serum

Fig. S4. Serum and fecal metabolites and metabolic pathways that differed between CD and
control samples. Pathway enrichment ratio and FDR of all serum (A) and fecal (B) significantly
enriched pathways (FDR<0.1) in CD vs. controls, based on Quantitative Enrichment Analysis in
Metaboanalyst and using the differentially abundant metabolites presented in Fig. 3B-C. The
complete results are in Dataset S3. C. Serum vs. fecal metabolites coefficients in CD vs. controls,

for all differentially abundant metabolites (FDR<0.25) in either serum or feces presented in Fig.
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3B-C. Each metabolite (dot) is colored based on its HMDB classification. The complete results are

in Dataset S3.
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Fig. S5. Serum and fecal metabolites and metabolic pathways significantly associated with



disease activity. A. Complete heatmap of Fig. 4C, showing all serum metabolites significantly
associated with at least one disease activity indicator (clinically active CD; CRP >5; FCP >100).
Outer dots are colored by HMDB classifications. ¢ indicates FDR<0.25. The complete results are in
Dataset S4. B. Complete heatmap of Fig. 4D, showing all fecal metabolites significantly associated
with at least one disease activity indicator (clinically active CD; CRP >5; FCP >100; faith pd, and
dysbiosis index). Outer dots are colored by HMDB classifications. * Indicates FDR<0.25. The
complete results are in Dataset S4. C. Pathway enrichment ratio and FDR of all significantly
enriched pathways (FDR<0.1) based on Quantitative Enrichment Analysis in Metaboanalyst and
using the differentially abundant serum metabolites presented in Fig. 4C. D. Same as C, using the
differentially abundant fecal metabolites presented in Fig. 4D. The complete results are in Dataset

S4.
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