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The gut metabolome as a host-microbiome interface

Gut microbiota
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Adapted from Won-Jae Lee & Koji Hase, Nature Chemical Biology 10, 416-424 (2014)

Dietary compounds may directly
promote/hinder the growth of
certain microbes

Microbes produce compounds with
pro- and anti-inflammatory effects

Most of what we know comes from
targeted metabolomic surveys

Potentially many microbially-
derived, uncharacterized
metabolites remain to be found



Profiling metabolomes & metagenomes of the IBD gut

Crohn’s
o
‘ '(SSS)SQ * Metagenomes QC’ed by kneadData and
Discovery cohort 68 profiled by MetaPhlAn2 + HUMANN?2
(PRISM)
Validation cohort 20  ~8K measured metabolites from four
(NLIBD/LLDeep)

untargeted metabolomics methods
Multi’omic screening of stool samples

* ~50% had approximate matches to HMDB

Metagenomic Four LC-MS
shotgun sequencing metabolomics methods (focus on molecular su bclass)
Microbial taxa, genes, Lipids, polar metabolites,

and pathways free fatty acids, & bile acids

 ~5% confidently matched standards from

, DA * D , in-house compound library
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Broad ‘omics shifts correlate with host inflammation

Bray-Curtis PCoA on PRISM metabolites
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Bray-Curtis PCoA on PRISM microbes

PCols anti-correlate
with Shannon diversity

. " (r=0.32and-0.57)
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Finding differentially abundant (DA) features in IBD

 Model (same for all features, sum-normalized within method):

log( feature + € ) ~ diagnosis + age + abx + mesalamine + immunosuppressants + steroids

* |solate features where diagnosis:CD or diagnosis:UC coefficient had
Benjamini-Hochberg (FDR) g<0.05

e Save model residuals for downstream applications

 Metagenomic trends (species + enzymes) consistent with previous findings
* We’'ll come back to these later...

 Many, many DA metabolites (~2.7K of 8K)
* Used “GSEA” and clustering to simplify interpretation



Metabolite set enrichment analysis on model results

n= CD vs. Control UC vs. Control
Sphingolipids 80 - - e UC trends are a weakened

Carboximidic acids and derivatives 14 oo I}
Bile acids, alcohols and derivatives 24 » HI-
Organonitrogen compounds 62 — I SuU bset Of CD trends
Cholesteryl esters 48 —
Phenylacetamides 10 - I+ ° . ° .° . .
Phosphatidylcholines 28 " —— SphmgO“pldS; blle aCIdS Up

Alpha amino acids 33

Long-chain fatty acids 111 chenodeoxycholate C22:0 sphingomyelin
. | o] “
Flavonoids 43 CD - b

Indoles and derivatives 31

Cinnamic acids and derivatives 33 Uc+

—' Control 4 D—

Triacylglycerols 60 —1— —{ITH
Tetrapyrroles and derivatives 64 —{ 1T s 1 . . . . : r : : r
Triterpenoids 135 . « —TH—- 0 40 80 120 0 10 20 30 40
Alkyl-phenylketones 28 — T S, —AH . sqrt{ PPM ) sqrt( PPM )
Brassinolides and derivatives 24 | - . - - .
Ergosterols and derivatives 13 - |- I+ ' ¢ Fatty aC|d SU bC|aSSES dOWh
Quinolines and derivatives 19 4 T H— ~H -
Vitamin D and derivatives 16 — ¢+ . = | - . 2-hydroxymyristic acid C54:6 TAG
Stigmastanes and derivatives 23 AE—| e I+ ¢ _
Lactones 17 —m- T cD+{ = -3t
Beta-diketones 19 Ok . | ucH [ }— -
Cholesterols and derivatives 39 11+ =t -
Phenylbenzodioxanes 10 {1r - oo | i — ofts | Jodetor—
mm Up in CD @3 Up in Control -8 -4 0 4 8 -8 -4 0 4 8 0 10 20 30 40 0 100 200 300
=3 Up in UC O Not significant Per-metabolite t-statistic Per-metabolite t-statistic
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Finding clusters of co-varying, DA metabolites
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Samples (n=155)
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e Cluster DA metabolites based on residual
abundance (Spearman as similarity measure)

e “Cut” hierarchy to define clusters with mean
similarity r,= 0.7 (strongly correlated)
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* Cluster members are physicochemically similar:

- 2.7x more similar retention times
— 3.0x more similar mass/charge ratios
- 15x more likely to be in same HMDB subclass



The largest IBD-enriched cluster (mostly bile acids)

Largest IBD-enriched metabolite cluster (39 features)

piagnosis  ® Here, 39 bile-acid related

- BCD ]
| ,ﬂ,l! ©\  Bgomol metabolites co-vary strongly
I |.'| |.i Egrparlotectin dCross Samples
(ug/g) .
@oso e« All are elevated in CD
E ;I%Oc?ata
* Note substructure among UC
FiLE “ mH HII-HII = cholate . . T .
| fl I’"i It 1 m II » — chenodeoxycholate patlentS, COlnC|d|ng Wlth
il r!-'ﬂl-i:"'"' high/low fecal calprotectin
y } - 155 samples m= o
IBD trend Metabolite class
@ Up in Control B Bile acids, alcohols and derivatives
[ Up in IBD:CD Bl Benzopyrans
[l Up in IBD:CD+UC [ Dipeptides

[[] Tetrapyrroles and derivatives

Metabolite abundance, log10( PPM )
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The largest control-enriched cluster (mostly unknown)

Largest control-enriched metabolite cluster (62 features)
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- 155 samples =

Metabolite class

Bl Bile acids, alcohols and derivatives
[l Benzopyrans

[ Dipeptides

[] Tetrapyrroles and derivatives

/
IBD trend

@ Up in Control
[ Up in IBD:CD
[ Up in IBD:CD+UC

Metabolite abundance, log10( PPM )

2 3 4
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Diagnosis . . .

BcD i ® This cluster (enriched in

OucC . .

ecal control subjects) contains no

weo " standard metabolites

@ 0-50

O 50-200

M >200 .

Onedata o Could be enriched for
uncharacterized microbially
derived metabolites

4 )

Speculation: Lots of tetrapyrrole derivatives here.
Vitamin B12 is a tetrapyrrole compound (but too
big to be seen by these MS methods).

B12-producing bugs are depleted in IBD.
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Metagenomic trends mostly follow previous findings

CD | #4 &° _ CD A
UC—[I: ucC -
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50 DA species, of which 35 were up in controls (reflects general loss of diversity in IBD)
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1.8.1.7: Glutathione-disulfide reductase

Stratifications:

*Stratifications are proportional

[ Escherichia coli

I Streptococcus thermophilus
[ Streptococcus salivarius
[ Streptococcus parasanguinis
[ Pediococcus lolii

I Pediococcus acidilactici
I Streptococcus vestibularis
I Other

[ Unclassified

Sample label:

B CD

[ Control
| =3

Samples (N=155)

DA enzymes reflect
community-level

responses to a more
aerobic environment in IBD
(e.g. response to ox. stress)

We focused on associating DA metagenomic features with DA metabolites! )
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Robust associations between metabolites & microbes

Representative metabolites (n=47)
IBD trend
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Blautia producta

Lactobacillus gasseri
Enterococcus faecium
Lachnospiraceae bacterium (2)
Clostridium clostridioforme
Ruminococcus gnavus
Clostridium symbiosum

(1) 7 1 58FAA
(2) 9 1 43BFAA

Representative species (n
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taurine
N-acetylputrescine
ADMA

cholate

chenodeoxycholate
lactate

C14 carnitine

C3-DC-CH3 carnitine

*urobilin
C16:0 ceramide (d18:1)

pipecolic acid
thiamine

4-methylcatechol

2-hydroxyhexadecanoate
C18:0 CE

IBD trend
linoleic acid
*C54:4 TAG
azelaic acid

2-hydroxyphenethylamine
C16 carnitine

camnitine

sphingosine

*C22:4 CE

C20:5 CE

C16:0 LPC
C18:0e MAG

*C22:5 CE

C14:0 CE

carnosine

caproic acid
C36:5 PC plasmalogen-A

hydrocinnamic acid

cholestenone
3-methyladipate-pimelate

5alpha-cholestanol

pyridoxamine
dodecanedioic acid
undecanedionate
phytosphingosine
docosapentaenoic acid

eicosatrienoic acid

*cyclomethyltryptophan
*geranyl acetoacetate
linoleoyl ethanolamide
palmitoylethanolamide

docosapentaenoic acid

@ Upin Control [l UpinIBD:CD+UC [@ FDR ¢<0.05
W UpinIBD:CD [@OUpinIBD:UC [ Confirmed in controls
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Random forest prediction of IBD status

Trained on metabolites Trained on species " Trained on metabolites + species
1.0
Metabolites predict IBD

5§ status well (AUC>0.9)
g 0.6 -
; , Predictor generalizes to
A 044 .
g . new samples

0.24 ; i '

1ol B iesnpmimae S 20810 | | o oo 1058 | | BB e pemumenuc-0e0 | Species also perform

o] well, despite drawing on

far fewer features

o
o

o
o

No marked boost in
accuracy from
combining metabolites
True AUC = 0.857 True AUC = 0.887 and SpECieS

Mean permutation AUC = 0.508 Mean permutation AUC = 0.485

o
EN

o
[N}

( Independent validation)
True Positive Rate

0.0+

00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 1.0
False Positive Rate
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Random forest prediction of IBD type: CD vs. UC

Random forest classifier for predicting IBD subtype (5-fold cross-validation)

Trained on metabolites

(63.9+£3.9% correct)

Trained on species
(65.2+3.8% correct)

Control| 29 3 2

Uc| 12 28 13

28 4 2

Label

CD| 5 21

Control UC CD
Prediction

20 22 11

6 11

Control UC CD

Trained on combined
(64.5+3.8% correct)

28 3 3

15 27 11

3 20

Control UC CD

Random forest classifier for predicting IBD subtype (independent validation)

Trained on metabolites

(76.9+£5.2% correct)

Trained on species
(47.716.2% correct)

Control 0 1

uc| 3 15 5

18 4 0

Label

CD| 6 0

Control UC CD
Prediction
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10 13 0

2

Control UC  CD

Trained on combined
(76.915.2% correct)

Control UC CD

Non-IBD controls rarely classified

as IBD:CD or

IBD:CD rarely classified as Non-IBD

control, but sometimes as

hard to get right

", o

0.2 - ..-.. s o: . .
—~ 014 TRt s
~° m = o oo ™ *®
83 LI J we ® o °.
9' 0.0 - ny, ¢ : ° . °
(9] 3 : .. °

- ]l = = ° n
8 0.1 2 . e
o °

-024 . ° .

° ¢ ¢
-0.3 -
°

03 -02 -04 00 04 02
PCo1 (17.2%)

0.3

13



Summary

Bray-Curtis PCoA on PRISM metabolites
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PCo1 (17.2%)

Metabolomes broadly
stratified by subject
inflammation level

Many molecular classes are
differentially abundant in IBD

Some classes (clusters) are
well understood, while others
are largely uncharacterized

Random forest classifier for
predicting IBD vs. Non-IBD Control
0

Putatively mechanistic
microbe-metabolite
associations

Microbial functional
adaptations to the IBD gut
agree with earlier work

Metabolites and microbes can
classify IBD status reasonably
well, though subtype is harder
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