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Summary

Background Faecal microbiota transplantation (FMT) has previously been explored as a treatment for ulcerative coli-
tis (UC) however, biomarkers that predict and / or are associated with clinical response are poorly defined. The aim
of this systematic review was to identify donor and recipient clinical, microbial and metabolomic predictive bio-
markers of response to FMT in UC.

Methods A systematic search of the relevant literature of studies exploring FMT in UC was conducted. Data on
microbial diversity, taxonomic changes, metabolic changes, donor and recipient microbiota relationship and baseline
predictors was examined.

Findings 2852 studies were screened, and 25 papers were included in this systematic review. Following FMT, alpha
diversity was seen to increase in responders along with increases in the abundance of Clostridiales clusters (order)
and Bacteroides genus. Metabolomic analysis revealed short chain fatty acid (SCFA) production as a marker of FMT
success. Donors or FMT batches with higher microbial alpha diversity and a greater abundance of taxa belonging to
certain Bacteroides and Clostridia clusters were associated with clinical response to FMT. Baseline clinical predictors
of response in patients with UC included younger age, less severe disease and possibly shorter disease duration.
Baseline recipient microbial predictors at response consisted of higher faecal species richness, greater abundance of
Candida and donor microbial profile similarity.

Interpretation Distinct changes in gut microbiota profiles post-FMT indicate that certain baseline characteristics
along with specific microbial and metabolomic alterations may predispose patients towards a successful therapeutic
outcome. Opportunities towards a biomarker led precision medicine approach with FMT should be explored in
future clinical studies.
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Introduction

Ulcerative colitis (UC) is a subtype of inflammatory
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Review

Research in context

Evidence before this study

To date, eight double-blind randomised placebo-con-
trolled trials on the use of FMT to treat UC have been
published, 6 of which have reported positive findings.
Whilst these studies highlight the capability of FMT to
ameliorate UG, very little is known about the underpin-
ning mechanisms. The lack of well-defined biomarkers
and treatment targets makes it pragmatically challeng-
ing to determine the frequency and interval at which
treatment with FMT should be administered.

Added value of this study

Through a systematic review of the current evidence
base, we describe clinical, microbial and metabolomic
biomarkers that are predictive of response at baseline
(pre-FMT), and are associated with response following
FMT treatment in patients with active UC.

Implications of all the available evidence

The findings of this systematic review highlight the pos-
sibility of enhancing a sustained response to FMT
through biomarker-based selection and optimisation of
donors and patients before and during the treatment
with FMT. Utilising precision medicine in this field
deserves further exploration as it has the potential to
facilitate an individualised, biomarker driven ‘treat to
microbiome/metabolome’ target approach with FMT in
patients with UC.

individuals.*? Patients with UC possess an altered gut
microbiota composition, known as dysbiosis, character-
ised by reduced microbiota diversity, decrease in the
phylum Bacteroidetes and Firmicutes along with a cor-
responding increase in Proteobacteria.*’ This has led to
a focus on the modulation of gut bacteria as a treatment
method for UC, primarily through faecal microbiota
transplantation (FMT). FMT is the procedure of trans-
ferring processed faecal matter of a healthy individual
into another individual with a microbiota mediated
disease.”

To date, eight double-blind randomised placebo-con-
trolled trials (RCTs) on the use of FMT to treat UC have
been published, 6 of which have reported positive find-
ings.”"* Whilst these studies highlight the capability of
FMT to ameliorate UC, very little is known about the
underpinning mechanisms. The heterogeneity in study
designs both with regards to FMT preparation and
administration protocols as well as patient selection
makes it challenging to draw solid conclusions for its
adoption into clinical practice. Furthermore, it remains
unclear if specific donor or recipient characteristics may
predict response to FMT or denote successful response
following FMT.">"® This lack of well-defined biomarkers

and treatment targets makes it pragmatically challeng-
ing to determine the frequency and interval at which
treatment with FMT should be administered.

Currently, there are no published systematic reviews
that explore predictive biomarkers of FMT in patients
with UC. This systematic review aims to answer
whether clinical, microbial and metabolomic predictive
biomarkers exist and if so, which of these are predictive
of response at baseline (pre-FMT), and are associated
with response following FMT treatment in patients
with active UC.

Methods

Search strategy and study selection

The systematic review was conducted in accordance
with preferred reporting items for systematic reviews
and meta-analyses (PRISMA) criteria. The databases
MEDLINE, EMBASE, CINAHL and Cochrane Library,
were searched for suitable articles from commencement
to January 2022 using search terms outlined (Supple-
ment Table 1). In addition, references included in earlier
review articles were searched to identify any additional
studies. Results from the searches were imported into a
bibliography manager (EndNote X9) and duplicate stud-
ies were removed.

Randomised control trials (RCTs) and non-rando-
mised studies were included with exclusion of case
reports and conference abstracts. Double blind RCTs
were further split based on comparators (placebo and
non-placebo controlled studies). Studies consisting of
patients of all ages with active UC examining any of the
following: clinical, microbial (diversity and taxonomic
changes) and metabolomic biomarkers at baseline and
post FMT treatment predictive of induction and mainte-
nance of clinical remission in patients with active UC
were included. Studies were excluded if they had under
10 patients in the FMT treatment arm or only included
patients with concurrent infections. No restriction on
language or the comparator type for comparative study
designs was implemented. Abstracts of the papers iden-
tified by the initial search were evaluated by the lead
and senior authors for appropriateness to the study
question. All relevant papers were obtained and ana-
lysed in detail. Articles were independently assessed by
two reviewers using pre-defined eligibility criteria and
any disagreements were resolved by consensus.

Data extraction

Data was extracted independently by the two reviewers
onto a Microsoft Excel spreadsheet (Microsoft, Washing-
ton, USA) from the eligible studies. Data relating to
donor and patient demographics, treatment groups/
comparator(s) and outcome measures were collected.
Exploratory data on changes in alpha and beta diversity,
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Control/
Comparator

Treatment

Median / Mean
Age(years)

Gender
(% Male)

Average disease
severity indices at
baseline

Treatment Duration

Relevant study
characteristics

Reference No of
subjects

Paramsothy 81
etal*
(2019)*

Moayyedi et 75
al (2015)°

Costello et al 73
(2019)°

Rossen et al 48
(2015) #1°

Crothers et al 12
(2021)"

Table 1 (Continued)

Placebo group
(n=40)

Placebo group
(n=37)

Autologous FMT
control group
(n=35)

Autologous FMT
control group
(n=25)

Placebo group
(n=6)

Treatment protocol Initial
colonoscopic infusion fol-
lowed by intensive FMT
infusion enemas (n = 41)

FMT preparation Pooled
from multiple donors

Treatment protocol Exam-
ined by flexible sigmoidos-
copy followed by FMT
infusion via enema

(n=38)

FMT preparation Single
donor per patient

Treatment protocol Anaero-
bically prepared pooled
donor FMT via colonoscopy
followed by 2 enemas over
7 days (n = 38)

FMT preparation
Pooled from multiple donors

Treatment protocol Pre-treat-
ment with bowel lavage fol-
lowed by 2 duodenal
infusions of a suspension of
donor faeces via nasoduo-
denal tube (n = 23)

FMT preparation

Single donor per patient

Treatment protocol FMT
induction by colonoscopy,
followed by oral administra-
tion of frozen encapsulated
cFMT (n =6)

FMT preparation

Single donor for induction

Multiple (2 pre-defined)
donors during maintanence

FMT arm - 35.6 (27.8-
48.9)

Placebo arm - 35.4
(27.7-45.6)

FMT arm — 422
(£15.0)

Placebo arm — 35.8
(£12.1)

Donor FMT arm —
38‘528—52

Autologous FMT arm
_ 352546

Donor FMT arm —
4013-55

Autologous FMT arm
_ 473048

FMT arm — 41 (£+15)
Placebo arm — 52
+15)

FMT arm — 54%
Placebo arm — 63%

FMT arm — 47%
Placebo arm — 70%

dFMT— 53%
aFMT — 57%

dFMT arm — 47.8%
aFMT arm — 44%

FMT arm - 67%
Placebo arm - 50%

FMT arm — 8 (average
Total Mayo score)

Placebo arm — 8 (average
Total Mayo score)

FMT arm — 8.24 (£2.61)
Total Mayo Clinic score

Placebo arm — 7.86
(£2.28) Total Mayo
Clinic score

dFMT arm — 7.2 (£1.7)
Mean Total Mayo score

aFMT — 7.4 (£1.9) Mean
Total Mayo score

dFMT arm — 10°™""
Median SCCAI score

aFMT arm — 8*"" Median
SCCAI score

FMT arm — 6.3 (+2.0)
Mean Total Mayo score

Placebo arm — 6.7 (+1.2)
Mean Total Mayo score

FMT treatment 5 day-
s/week for 8 weeks

FMT treatment 1 day/-
week for 6 weeks

FMT treatment per week
with patients moni-
tored at 8 weeks and
12 months post-FMT

FMT treatment at the
start of the study (week
0) and 3 weeks later
(week 3)

Daily cFMT treatment for
12 weeks

Patients in the placebo group
were eligible to receive
open-label FMT after the
double-blind study period

314 faecal samples collected
from the patients at screen-
ing, every 4 weeks during
treatment, and 8 weeks
after the blinded or open-
label FMT therapy

Patients provided stool sam-
ples when the study began
and during each week of
FMT for microbiome
analysis

Open-label therapy was
offered to autologous FMT
participants at 8 weeks and
they were followed up for
12 months

Recipient stool samples were
collected at baseline (week
0) and weeks 4, 8, and 52 for
microbiome, metabolome,
and faecal calprotectin
assessment

Faecal samples were collected
at baseline before bowel
lavage and 6 and 12 weeks
after FMT

Subjects were followed for 36
weeks and longitudinal clin-
ical assessments

Subjects in both arms of the
study were pre-treated with
antibiotics for 7 days prior
to FMT (or placebo) proce-
dure

Subject stool samples were
obtained weekly through-
out the study period, begin-
ning prior to antibiotic pre-
treatment, and ending at
18-weeks follow-up
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Reference No of Control/ Treatment Median / Mean Gender Average disease Treatment Duration Relevant study
subjects Comparator Age(years) (% Male) severity indices at characteristics
baseline
Pai et al 25 Placebo group Treatment protocol FMT Overall 10.5*"7 Not specified Not specified Total 12 enemas (given Seven patients randomized to
(2021)"? (n=12) administered by rectal Individual arms not biweekly) the placebo arm crossed
enema (n=13) specified over to the open-label arm
after 30 weeks of placebo
FMT preparation treatment
Multiple donors per patient
(not pooled)
Haifer et al 35 Placebo group Treatment protocol FMT arm - 37.1 FMT arm — 60% FMT arm - 5°°° median 8 weeks of capsules dur- Antibiotic pre-treatment in
(2021)" (n=20) Six FMT capsules four times a (31.8—46.8) Placebo arm — 45% total Mayo score ing induction, followed both groups.
day for 1 week, then six cap- Placebo arm - 36.7 Placebo arm - 7°® by 2 capsules daily for 10 patients randomised to
sules twice daily for 1 week, (25.1-42.0) median total Mayo remaining 58 weeks for FMT arm with clinical

followed by six capsules
daily for the remaining 6
weeks. Each capsule con-
tains 0.35g lyophilised stool.
(n=15)

FMT preparation
Two donors, unclear if pooled

core

maintenance.

response entered mainte-
nance phase of the study - 4
assigned to FMT and 6
assigned to FMT withdrawal

Table 1: Randomised control studies of FMT in ulcerative colitis

* Further post hoc microbiome and mycobiome analysis reported separately’* **

' Further post hoc microbiota analysis reported separately’' FMT-faecal microbiota transplantation, cFMT-capsulised faecal microbiota transplantation, dFMT-donor FMT, aFMT-autologous FMT, SCCAI-simple clinical colitis

activity index.
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microbial taxa, metabolome and donor-patient micro-
biota similarities following FMT were collected. No
unclear or missing data was noticed which would
have required approaching the study authors for clar-
ification. Risk of bias of the included RCTs was
assessed with the Cochrane Collaboration’s risk of
bias tool and non-randomised/cohort studies was
with the Newcastle-Ottawa quality assessment scale
(NOS).””™® If there were any discrepancies a third
reviewer was consulted.

Role of funders

No specific funding has been received for this system-
atic review. This is independent work conducted by the
authors of the review.

Results

Study characteristics

The search strategy generated 2852 citations from
which 25 articles investigating the use of FMT in UC
patients satisfied the study selection criteria for further
assessment (Figure 1). Of these, 7 were placebo con-
trolled double blind RCTs”™"® (Table 1; total of 8 RCTs
but one did not report predictive associations and failed
to meet inclusion criteria for this systematic review), 2
were non-placebo controlled blinded randomised
studies'”*® and 14 were non-randomised or observa-
tional studies®"3° (Table 2). In addition, 2 studies per-
formed post-hoc microbiota analysis from their placebo
controlled double blind RCTs.*** All the RCTSs received
a low bias ranking overall (Supplementary Table 2).
None of the non-randomised / cohort studies scored at
the highest end of the NOS scale, with a mean score of
5 (range 4 to 6) out of 9 (Supplementary Table 3).

Changes in microbial diversity

Five RCTs reported on changes in alpha diversity follow-
ing FMT as presented in Table 3.72"""> Three observed
a significant increase in alpha diversity relative to base-
line following FMT in all patients regardless of clinical
response.”?"" The FOCUS study observed this change
being more pronounced in patients who entered clinical
remission compared to those who did not.”?* In contrast
the LOTUS study and the RCT by Costello and col-
leagues observed that the increase in alpha diversity fol-
lowing FMT was no longer significant when stratified
by clinical response.”™ In comparison, the TURN trial
observed a significant increase in alpha diversity in both
donor FMT and autologous FMT responders but not in
non-responders.””?"  Amongst the non-randomised
studies, only one study consisting demonstrated a sig-
nificant increase in alpha diversity at post-FMT com-
pared with pre-FMT, with this effect disappearing at
6 months.* Non-significant trends reported including
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Additional articles Articles identified
obtained through |— through database
other sources or searches (n = 2852)
independent
searches (n =0)
A
Articles found from
> all sources
(n=2852)
Duplicates
removed: >
EndNote (n = 747) A
Manually (n=144)
Titles and abstracts
screened (n =1961)
Titles/abstracts P
excluded (n=1697) | Y
Full text articles to
be reviewed
(n=264)
Full text articles -
excluded (n=243) [~ Y
Publications
included and
reported on (n=21)

Figure 1. PRISMA flow diagram summarising the screening pro-
cess for the systematic review

in increase in alpha diversity following FMT were
observed in three non-randomised studies®**#*” and
one study showed a decrease in diversity with each
sequential FMT treatment.*

Five RCTs reported on changes in beta diversity fol-
lowing FMT.”*'72335 Four observed a significant
change in beta diversity following FMT in comparison
to the placebo/inactive arm and relative to pre-FMT
baseline.”®'""333 Both the FOCUS trial and the RCT
by Moayyedi and colleagues demonstrated a significant
difference in the gut microbial composition following
FMT. Furthermore, they demonstrated the gut micro-
bial profiles following FMT were more similar to donors
regardless of clinical response with Moayyedi demon-
strating that this similarity was only seen between FMT
treated recipient and their respective donor. Similarly,
the TURN trial demonstrated that the microbiota com-
position of responders in the donor FMT group shifted
from overlap with non-responders at baseline to healthy
donors following FMT.*' These microbial compositional
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Reference

No. of
Subjects

Control/Comparator

Treatment

Median / Mean Age
(years)

Gender (% Male)

Average disease
severity indices at
baseline

study istics

Uygun et al
(2017)*®

Nishida et al
(2016)*°

Gogokhia et al
(2019)*

30

M

20

Before vs after FMT
treatment

Before vs after FMT treat-
ment (+ comparison
against the healthy
donor profile)

Before vs after FMT treat-
ment (+ comparison
against the healthy
donor profile)

Treatment protocol
Pre-treatment with bowel lavage
followed by FMT via endo-

scopic infusion catheter

FMT preparation

Single donor per patient

Treatment protocol

Single FMT infusion via colonos-
copy

FMT preparation

Single donor per patient

Treatment protocol

Two-donor FMT via colonoscopy
to the terminal ileum

FMT preparation

Unclear if multiple / pooled
donors or single donor per
patient

346 (£10.3)

396 (£16.9)

46.7%

68.3%

Severe disease —
66.7%

Moderate disease —
33.3%

5.6 (+2.4) Full Mayo
score

Patients received 1
infusion

Patients received 1
infusion

Patients received 1
infusion

Fresh stool samples from the
donors were collected

Clinical remission and response
rates were calculated for par-
ticipants at week 12 post-FMT

Primary end point — clinical
response at 8 weeks

Faecal samples collected pre-
FMT, week 2 and week 4 post-
FMT

Table 2: Non-placebo controlled blinded randomised trials and non-randomised studies of FMT in ulcerative colitis*
consisting of > 10 patients in FMT treated arms
T non-placebo controlled blinded randomised trialsFMT-faecal microbiota transplantation, cFMT-capsulised faecal microbiota transplantation, dEMT-donor EMT, aFMT-autologous FMT, SCCAI-simple clinical colitis activity

index.




Review I

(100°0 > d) siouop yum pasedwod sduepunge
$N22020UlWINY PUE WNLI212DGNT Ul 9UISYIP 3|qeIoN

5n220201dau1s ‘saandiwg
sna1014 ‘sa19plolaldeg |

9583.0U1 9D2IDD $3PI04AIIDG O Ale|iLlS
%001) ¥LNLO SdploIa1deg ul aseanu)

pa31uasaid suoN

pajuasaid suoN

(s@19ploid1deg) DjIydIUD|AX Djj210A3IdDIDY pUR
(S2INdIWLIIY) SUDIOALIDYIIDS
1310qiuapdIsn4 Ul abueyd sxuepungy

V Jouop ul sn220203da.ls pue biydLaYIsT |
pj1ydoyig pue pjjauojjiap
421s1IpIq (14dod DJ[210A3Id) DJ|210AdId ‘DAIX WNIPLIISO]D ‘souowbbajy
‘DIY21IBYDSF ‘SNjIYdOWaDH “(SISUBYLIOMSPDM DJj2J31INS) DJj21d3INS
‘(UoneIOoSSe JUR1SISUOD JSOW)

(50°0 > d) £edy3 01 parejas

-102 AjaAnisod snoxodoujwny pue snjpqoIn
‘Djjay112663 Jo SdUBPUNCE SAIR[DI Ul SIIUBIBYIQ

(SI0UOp 0} 350]2) SN220J0UIWINY PUE WNLI

-212pgn3 (siouop 01 snobojeue) 1212qlLOPO
PUB A] Wnipl1so)D ‘winua)dbqopylg ‘sadiisosapuy
plubWapjoH |

$n220203da.4)S ‘smndIWy T
(zp)
3DadpIpPLIISO)D ‘(LP) SNYj1DPQOIdDT pUe WNd)bq
-0121Dj025DYd ‘DJ|210A21d ‘SNaj0.d ‘s1aploardeg |
(suanjosiubjAx
$3pl0J2)oDg PUE SNIDAO S3pPI0I21IDg
01 Aeiwis 95001) 6LNLO S9PIOIDIdeg Ul 95BIIOU|

3wodINO [ed1ul)d> aysodwod Buiraiyde
YuM paieldosse ‘dds pjyouayds3 pue ‘dds sadnsiy

pajuasaid Jou e1ep dIWOoUoXe |
(s1opuodsal y

-1IN4) S919pI0IS1deg pUE BLIS1OE]OS)0Id DG |

(ssopuodsai g-1 ) sa19ploardeg 1
(s1opuodsas

Q-LN4)(S3IN21ULL) [[AX PUB DAIX ‘Al winipLiasop) |
(eU12RCOUNDY) DIGOIBDUD DIjissDWIDbUSS
“(S9INDIWILY) JUIIS3}UI SN220J0UIWDPIDY ‘(S3IND
wil) wnsojuadjAylaw wnipuiso)) “(salap
-l01312eq) snjiydoidod sapioia)apg ‘(SINdIUIL)

supioaosojuad wnjyosapuy ul dBueYd duRPUNgY
3sUAUBPID WINIPLISO[D pue

2apapjawipd 13)20qIUOpPI0D ‘a22DD sadiisosapuy
(s219p1o1a1deg) Ulens snoluyduelds
1912eQUOPQ PUE (ELBIIBGOUNDY) SUD
-LISAUODIUOAR|OS| BIYDR|S ‘(S318plolaldeg) sny
-ounsipul sadisiy ‘(sInNdiunld) wnsojuadjAyiaw
wnipuso[) ‘(s313ploiardeg) Ldod bjj210A3ld
‘(eLI912RQOUNDY) DIQOIADUD DIjISSDWIDBIUSS
“(saIndIWILS) JUlIsa3Ul SN22020UIW
-bpiy ‘(el12eGOUNDY) “dS B|[9UIS|O ‘(SAINdIW
-114) snydiowoa|d snd0dijedae ‘(SAINdIWLIY)

1961 sN220201d3d YIS 1219DQINIGOUDYIBN

(LN [nyss920NS Y1IM pale1dosse) g Jouop
u1 snaod0ulwny pue A|jiwey seadelidsouyde |
(InAx winipiisol> pue Ja100qij[150) SANDIULILY |
(sn23020ujWwny SINDIWLILS)
1IW01Q SN20J0UjWINY PUR $3/2ads DIjaYy)
-12663 ‘(3e3dRAIdSOUYDET SDINDIWIIL) SUDIOAIU

SI9
-puodsai uj e1ep a1esedas op ‘(siouop sy 01 snobojeue y1oq)
(Pua.) Yiys (SAW) Ausianip-g
(Xapul | oY) pue Xapul Uouueys) | ANSISAIp-0

"3suodsai [edJulj> Yam uoneldosse
ou yum syuaned ||e ur LN4 Buimoyjoy pabueypun (YAONY)
A)SISAIP-g pue (Xapul | OBYD pUE X3pul UOUURYS) ANSISAIP-D

‘asuodsal-uou Jo asuodsas 01 uoneas ui ¢ Jo »

ul abueyd ou ‘ISAIMOH "1 N4 BuIMO||0) (WISONY) ANSIaAIp-¢
ul ua3s sabueyd yum syuaned [je ui | (ssauydL) ANISISAIP ©

asuodsal [e21Ul]> YIM uonedosse ou — (quedyiubis
1J0U) We [N ul pabueyd (ainseaw payadsun) Ausianip-¢
pauodai Jou ANIsIaAIp-0

(xapu] uouueys) ANs1aAIp-o ul abueyd oN
(Aouepunpai)

Yiys Ausianip-g
((v-LW4) 100 =d
'(@-1W4) 900 = d "xaput

Ausianip ur abueyd oN s,uouueys) AIsisAIp-o |

pauodai jou Asianip-g

*asuodsais |ed| > Y3IM uoneidosse ou
Yyum 1N Buimoyjoy syusned jje ui (siskjeue n10) Alsianip-o |
(zoo=d)

*35u0dsal [ed1Ul[> YIM UOIIeIDOSSE OU YuM N4 Buimoljoy
(Kuepiwissip sun)-Aeig) Alsianip-g ur abueyd yuedyiubis
pauiodai Jou Ausianip-0

uoissiwal buuaua syuaned
ul pasunouold 310w 319M 3saY} Janamoy ‘N4 Buimo|
-104 (L0000 = d) pabueyp (uoisiadsip areueAn|nw) ANSISAIP-g

(PanunUOD) £ 39D L
Y pue
3SYVdN ‘YNHLOW JO uoneulquiod
siskjeue YNy S9L +(0202) P32 17

*96)37 buisn siskjeue
|enualayig ‘paqudsap Jou aulpdid ||ng
sishjeue YNy S9L

auipdid yNH1OW
siskjeue yNY4 S9L
NI pue abe
-poed y basojAyd ‘syduds [1ad woisn)
siskjeue YNY4 S9L
suijpdid ZaWIo
siskjeue YNy soL
godoue) buisn sis
-Aleue a>uepunge |ennuaiayiqg ‘sanb
-1uy23) uonedyIsse|d uspuadapul
paypadsun pue swyioble HOYYISN
sishjeue YNy S9L

sabeyped y

gWLWwW|b pue ‘91w ‘paw siskjeue

dUepUNQE [eNUBIBYI] “D1eMYOS
@21nos uado pue asnoy-ui payiadsun
siskjeue yNY4 S9L

JWIID
pue abeyped Yy basojAyd — sishjeuy
sishjeue YNy S9L

"INUYWNH
‘TUYIY4RIBN 'YORX3|OS - siskjeuy
JDIse ‘basuodaq - buuayji4
sJ1wouabelaw unbioys

1(6102) p 32 UeIL

1.(1202)
1D 12 J3jleH

,(1207) P 12 1ed
,(1207)
JREREN )

o(5102)
|D J2 usssoy

+(6102)
|D 12 0Jj2150D)

(5100
I 12 1pakKeopy

(subwiiogpipiuob wn21>pqosn4) Wnua12pqosnd |, -ljnuI DLINQasoY “(SSINDIWLILY) 1Py WnLdIDGNT | ((L000°0 > d ‘ANSISAIP s,uouuRYS pue ssauydl dnauabolAyd) auladid YyNHLOW (6100
$sauydu sa1dads [esodnuwi + [edae) 1 sSaULPL $3199ds [eSOdNW + [eddRy | | Aisianip-o syuaned jje uj siskjeue YNy S9L |0 32 Ayposweleq
siapuodsal-uoN siapuodsay siapuodsal-uoN si1apuodsay
(L4 193)e) sabuey) d1wouoxe| (LW 19ye) Ayiszanig g + © A6 o

www.thelancet.com Vol 81 Month July, 2022



oL

2202 ‘AInf Yiuop L8 |OA Wod33duURRYY MMM

Reference

Bioinformatic methodology

o + B Diversity (after FMT)

Taxonomic Changes (after FMT)

Responders Non-responders

Responders

Non-responders

Leonardi et al
(2020)**

Kump et al
(2018)”

Jacob et al
(2017)**

Fang et al
(2021)”

Cui et al (2015)*°

Chenetal
(2020)””

Brezina et al
(2021)%°

Fuentes et al
(2017)”

Goyal et al
(2018)**

Nishida et al
(2016)°

Gogokhia et al
(2020)*

ITS1 analysis

BLAST with ITS1 database fllowed by
QIIME v1.6

Bacterial analysis as per Paramsothy
etal. (2019)

16S rRNA analysis

Combination of UCHIME, MOTHUR
and QIIME v1.8

16S rRNA analysis

USEARCH and UPARSE algorithms /
pipelines

16S rRNA analysis

Full pipeline not described. Differential
analysis using LEfSe.

16S rRNA analysis

Not described.

16S rRNA analysis

UPARSE and QIIME v1.7

16S rRNA analysis

QIIME2 pipeline. Differential analysis
using LEfSe.

16S rRNA

USEARCH algorithms and unspecified
independent classification techni-
ques. Differential abundance analy-
sis using Canoco5

16S rRNA analysis
QIIME pipeline. Differential analysis
using LEfSe.

16S rRNA analysis

Full pipeline not described. Phyloseq R
package for diversity analysis

Virome analysis

Filtering using BBMAP following by
analysis usin VirMAP pipeline

1 bacterial a-diversity

(1 Candida pre-FMT had 1 «-diversity 8 weeks post-FMT)
No change to mycobiota diversity.

No association with clinical response

No change in a-diversity (richness)

Significant change in -diversity (unweighted UniFrac
distance)

a-diversity $(OTUs P = 0.0049, Shannon index P = 0.069)

Difference in g-diversity (Bray-Curtis dissimilarity) post-FMT (P
< 0.034). No association with clinical response.

No difference in a-diversity (Kruskal—Wallis rank sum).

Microbial analysis only performed on a subset of patients
(n=4).

1 a-diversity seen in 3 patients post FMT (Pearson correlation
coefficient)

4 a-diversity (Shannon index) week 4 but then | at week 12 —
no association with clinical response

a-diversity 1 (Shannon entropy index)

Analysis of TURN patients

1 a-diversity (OTU)

Change in g-diversity
(weighted UniFrac) - both
seen 1-month post-FMT.

No statistically significant
difference in a-diversity
seen at 6 months post-
FMT

No difference in a- and g-diversity (Bray-Curtis dissimilarity
index) at week 8

No significant increase in
a-diversity (OTU) at 1-
and 6-months post-FMT

No change in g-diversity
(weighted UniFrac) 1-
month post-FMT

Not reported

Reduction in abundance of Candida positively
associated with clinical response

4 Akkermansia muciniphila
| Dialister

No taxonomic data presented

1 Bacteroidetes and Prevotella and

| Proteobacteria and Escherichia post FMT.
Association with clinical response data not presented.
No taxonomic data presented

No change in relative abundance of Candida

No increase in A. muciniphila

1 F. Prausnitzii (P < 0.05) — no association with clinical response

4 Bacteroidales, Prevotellaceae, Veilllonellaceae
and Desulfobacteria

1 Clostridium XIVa (Anaerostipes caccae, Copro-
coccus eutactus or Eubacterium rectale (similar
levels to healthy donors))

| Enterococcus, Proteobacteria

Positive association to Clostridium IV (F. prausnit-
zii) and XIVa (Eubacterium hallii, Roseburia
intestinalis and Butyrivibria crossotus)

4 Lachnospiraceae and |, Enterobacteriaceae at 1 week,
1 month and 6 months post-FMT

No taxonomic data presented

No change in relative abundance of
Caudovirales bacteriophages 4 weeks post FMT

4 Staphylococcaceae, Lactobacillaceae and Bifidobacteriaceae

| Clostridium XIVa (Anaerostipes caccae, Coprococcus eutactus
or Eubacterium rectale)
1 Enterococcus, Proteobacteria and R. gnavus (P = 0.014)
Positive association with Bacteroidetes groups (B.
vulgatus and B. fragilis)

Increase in relative abundance of
Caudovirales bacteriophages
4 weeks post FMT

Table 3: Studies characterising changes in microbial diversity and profiles following FMT for UC
FMT-faecal microbiota transplantation, OUT-Operational taxonomic units, QIIME-Quantitative Insights Into Microbial Ecology, LEfSe-Linear discriminant analysis Effect Size, MDS-Multidimensional scaling
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shifts were not however observed in the patients treated
with autologous FMT.

Five non-randomised studies measured changes to
beta diversity in UC patients receiving FMT.>" 43> Of
these three studies demonstrated a change in beta diver-
sity following FMT relative to baseline community
profiles.**** The study by Jacob et al and Goyal et al
demonstrated that this shift in the beta diversity
resulted in a greater similarity with the donor faecal
microbiota.*#** A similar donor-recipient similarly
trend in beta diversity was observed by Li et al however
no clear difference between responders and non-res-
ponders following FMT was seen.**

Taxonomic changes

Six of the seven eligible placebo controlled RCTs
reported on microbial taxonomic changes following
FMT through analysis of stool 16S rRNA profiles as pre-
sented in Table 3.7 In addition, the FOCUS trial per-
formed stool metagenomic analysis and 16S rRNA on
colonic mucosal biopsies collected at baseline and at the
end of the FMT treatment period (week 8).2*

Changes associated with response to FMT

A significant increase in taxa belong to the Clostridia
class (specifically XVIII) in responders to FMT were
observed in four RCTs.*93"33 Notably within this class
and increase in taxa belonging to the families Oscillospir-
aceae (Ruminococcus bromii, Anaerofilum pentosovorans,
Clostridium methylpentosum), Lachnospiraceae (Roseburia
inulinivorans, Eubacterium hallii) and Clostridiaceae was
observed in responders. Increases in taxa belonging to
the Clostridia class were also reported in several of the
non-randomised FMT studies. Faecalibacterium praus-
nitzii was reported to significantly increase in respond-
ers 4 weeks post-FMT relative to baseline.”” A
significantly lower relative abundance of Ruminococcus
and Eubacterium compared to healthy donors was
reported in non-responders to FMT in a study by Li and
colleagues with a non-significant increase in Ruminococ-
cus in responders.**

Four studies reported a significant increase in taxa
belonging to phylum Bacterioidetes following FMT in
responders.”"""*3" Specifically, these included Bacter-
oides coprophilus, Bacteroides OTU19 (100% similarity to
Bacteroides ovatus and Bacteroides xylanisolvens) and Alis-
tipes spp.

In addition to Clostridia and Bacteroidetes, a signifi-
cant increase was reported in Eggerthella (Actinobacte-
ria),  Senegalimassilia  anaerobia  (Actinobacteria),
Acidaminococcus intestine (Negativicutes) and Escherichia
(Proteobacteria). Within the non-placebo controlled or
non-randomised studies Brezina and colleagues demon-
strated a significant increase in Bacteroidales, Prevotella-
ceae, Veillonellaceae and Desulfobacteria in responders.”®

www.thelancet.com Vol 81 Month July, 2022

A significant increase in taxa belonging to the order Bac-
teroidales and Verrucomicrobiales and class Coriobacteriia
was noted in responders compared to non-responders
in another study.”” The non-randomised paediatric
FMT study by Goyal et al demonstrated a significant
decrease in Enterobacteriaceae and an increase in Lach-
nospiraceae following FMT, however this difference was
not significant when sub-grouped by response.**

Analysis of the gut mycobiome, as part of a post-hoc
analysis of the FOCUS trial noted that decreased Can-
dida abundance post-FMT was indicative of clinical
response.>” The LOTUS study in contrast did not report
any changes in alpha or beta diversity metrics of the
mycobiome upon disease flare.”

Changes associated with lack of response to FMT
Changes in microbial taxa associated with lack of
response to FMT were reported by four RCTs.>9'"33
These included a significant increase in species belong-
ing to phylum Fusobacteria (Fusobacterium gonidiafor-
mans), phylum Proteobacteria (Bilophila, Haemophilus,
Escherichia, Sutterella wadsworthensis) and family Prevo-
tellaceae (Paraprevotella xylaniphila, Prevotella copri). In
addition, a significant increase in Dialister, Veillonella,
Megamonas, Fusicatenibacter saccharivorans, Clostridium
XIVa and Bacteroides OTU14 (100% similarity to Bacter-
oides caccae) was observed in non-responders. Respond-
ers in the LOTUS trial who developed a disease flare on
FMT withdrawal had an enrichment of Streptococcus
OTU45 (100% similarity to Streptococcus parasanguinis
and other phylogenetically related species) along with
depletion of Blautia OTU35 (100% similarity to Blautia
faecis).” No clear alpha diversity change was however
noted. Within the non-placebo controlled or non-rando-
mised studies Brezina and colleagues demonstrated
that Staphylococcaceae, Lactobacillaceae and Bifidobacter-
iaceae were significantly higher in non-responders.”®

Metabolomic analysis

Two RCTs?? analysed changes in microbial metabo-
lites following FMT treatment. The FOCUS trial identi-
fied 97 metabolites that were different between baseline
and following FMT treatment regardless of clinical
response.”” Of these metabolites, N-acetylmuramate,
xanthine, 2-deoxyinosine, ribothymidine and X- 17009
(unnamed biochemical) were significantly increase
post-FMT but were not altered by placebo. The trial
reported significant differences in global metabolomic
profiles following FMT in clinical responders in com-
parison to baseline, after placebo and after FMT in clini-
cal non-responders. Specifically, 228 metabolites
differentiated between positive and negative outcomes
following FMT of which 33 of these were different in
patients achieving clinical response. Metabolites such
belonging to benzoate degradation, glycerophospholipid

1



Review

12

metabolism, secondary bile acid biosynthesis, ppGpp
biosynthesis and biosynthesis of ansamycins pathways
were associated with positive outcomes following FMT.
In contrast metabolites associated with heme and lysine
metabolic pathways were associated with a negative out-
come after FMT. Faecal metabolome analysis in the
Costello study that was specifically targeted to short
chain fatty acid levels reported no significant differences
from baseline in stool concentrations of butyrate, ace-
tate, propionate, iso-butyrate, valerate, iso-valerate and
caproate following FMT regardless of clinical response
or treatment arm (donor versus autologous).”

Whilst TURN trial did not report changes in faecal
metabolic profiles they performed functional predictive
analysis using PICRUSt and qPCR.* Microbiota of non-
responders in this study had a significantly lower buty-
rate production capacity, reflected by the butyrate-ace-
toacetate CoA transferase and ButCoA gene copies,
compared with donors and responders. ButCoA levels
were increased by G6.7-fold in responders, especially
those who remained in remission at >1-year FU. A non-
randomised study that used similar predictive func-
tional analysis gut microbiota reported on significant
differences in pathways of pyruvate metabolism, sulfur
metabolism, pantothenate and CoA biosynthesis, glyox-
ylate and dicarboxylate metabolism, synthesis and deg-
radation of ketone bodies and other transporters were
between donor, pre- and post-FMT groups.®

Donor characteristics association with clinical response
Two RCTs that explored donor recipient association
demonstrated that microbial profiles of recipients were
significantly more similar to their respective donors fol-
lowing FMT compared to controls as presented in
Table 4.3 Notably the study by Moayyedi and col-
leagues noted that one particular donor, ‘Donor B’, was
associated with greater success rate) in their respective
recipients with a non-significant trend for faecal micro-
biota from responders having greater similarly to donor
B than non-responders.

Four RCTS reported on the association of clinical
response with taxonomic characteristics in donor stool
with inconsistent findings.®""*"* Abundance of specific
taxa belonging to Bacteroidetes phylum within donor
stool and correlation with a favourable clinical response
have been observed in both the FOCUS and LOTUS
clinical trials. As the FOCUS trial used pooled FMT,
specific donor-recipient relationships could not be
explored. Effective donor batches leading to >50%
remission in patients contained a higher abundance of
Bacteroides OTU18y, specifically Bacteroides fragilis and
Bacteroides finegoldii, whilst ineffective batches were
associated with Clostridium XIVA. There was also a non-
significant trend towards an association between inef-
fective batches and the taxa Bacteroides uniformis, Bacter-
oides  coprocola,  Sutterella  Wadsworthenesis  and

Streptococcus OTU56. The LOTUS study manufactured
oral lyophilised FMT capsules from two separate
donors. They demonstrated that the donor with a signif-
icantly higher bacterial diversity (greater species even-
ness) with significant differences in relative abundances
of Bacteroidetes taxa was associated with a favourable
clinical response. Higher taxonomic classification was
however not provided in the study. An open label non-
randomised study demonstrated that clinical response
was significantly greater donors with a higher abun-
dance of faecal Bifidobacterium, Lactobacillales and Clos-
tridium clusters IV and X1.>° No significant difference
in donor-recipient gut microbial similarity was observed
between responders and non-responders.

Moayyedi and collegues noted that Donor B had
enrichment of Lachnospiraceae and the genera Rumino-
coccus. In contrast, the TURN study observed a greater
abundance of Ruminococcus gnavus in donors of patients
who relapsed compared with donors of patients who
achieved sustained remission. However, post-hoc analy-
sis of the TURN study with at least one year follow up
of patients in this trial observed that donor faecal sam-
ples consisting of E. coli and Aeromonas were positively
associated with patients who relapsed.>'

Donor (and recipient) faecal microbiome optimisa-
tion prior to stool collection and FMT administration
was explored in the CRAFT UC study.”® A specific diet
named UC exclusion diet (UCED) was administered as
part of this study and comprised mandatory foods such
as certain fruits and vegetables, prescribed amounts of
chicken and eggs and certain foods that were restricted
with the aim of decreasing exposure to sulphated amino
acids, total protein, heme, saturated fat and food addi-
tives. Donor and recipient dietary conditioning UCED
was attempted with patients randomised to either
Group 1 - standard low intensity FMT followed by stan-
dard diet, Group 2 — low intensity FMT from donors
pre-conditioned with UCED and post FMT recipient
conditioning with UCED or Group 3 - UCED alone.
Numerically higher, but not statistically significant clin-
ical remission rates and mucosal healing in Group 3
(UCED alone) compared to the FMT arms (Groups I
and 2). The authors showed that the UCED diet precon-
ditioning of donors reduced the alpha diversity of donor
stool microbiota rather than an anticipated increase.
Recipient microbiome data or donor-recipient response
was not presented as part of the study.

Baseline predictors of response

Clinical predictors. Baseline clinical predictors were
reported in three RCTs and two non-randomised stud-
ies. Using demographic information obtained from
baseline questionnaires, Moayyedi et al reported a trend
towards patients receiving immunosuppressant therapy
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Reference

Donor Relationship (after FMT)

Responders

Non-responders

Paramsothy et al (2019)**

Moayyedi et al (2015)°

Rossen et al (2015)'°

Haifer et al (2021)"'
Jacob et al (2017)**
Chen et al (2020)*”

Li et al (2020)**

Fuentes et al (2017)*'

Kump et al (2018)**

Shabat et al (2021)"°

Okahara et al (2020)*°

1 homogeneity in taxonomic profiles to a level seen in donors
Donor batches with 1 Bacteroides OTU187 (Bacteroides fragilis and Bacteroides
finegoldii)

4 microbiota similarity to donor B (enrichment of Lachnospiraceae and
Ruminococcus)

® Microbiota composition overlap with healthy donors (FMT-D) characterised
by

4 Clostridium clusters IV, XIVa, XVIll and | Bacteroidetes

® Microbiota composition shift away from non-responders (FMT-A (different
direction to FMT-D responders)) characterised by

4 Bacilli, Proteobacteria and Bacteroidetes

4 similarity index to corresponding donors

4 similarity to donors which they received faeces from (P = 0.02)

Donor 1 (favourable donor) had a significantly higher bacterial diversity
driven by higher species evenness with compositional differences largely
related to differences in relative abundances of Bacteroidetes taxa

4 Similarity with donor FMT samples

Donors achieving clinical remission clustered together

Abundance of F. prausnitzii 1 towards levels similar to those of donors

| Dissimilarity between patients and donors (« + 8 diversities analogous to

donors)

4 Similarity to donors (FMT-D) (P = 0.02)
Trend of 1 similarity to donors (patients with sustained remission) (P = 0.1)

No significant differences in similarity values of FMT-A patients

All recipients’ microbiotas, regardless of response, shifted towards the

respective donor microbiota

UCED preconditioning of donors led to reduction of alpha diversity of donor
stool with numerically higher remission rates compared with FMT alone (or
UCED and FMT).

4 Cumulative non-relapse rate in sibling FMT than parent-child FMT

Donor Bacteroidetes species (Bacteroides uniformis and Parabacteroides dista-
sonis and Bacteroides dorei) persisted in patients with no UC recurrence
after 24 months

4 Similarity of 10 Bacteroidetes species to donor levels

Donor batches with 1 Clostridium XIVA
and association with Bacteroides unifor-
mis, Bacteroides coprocola and Strepto-
coccus OTU56

J microbiota similarity to donor B

| similarity index to corresponding
donors
|} similarity to donors which they

received faeces from (P = 0.02)

Not reported

Not reported

Not reported

| Dissimilarity between patients and
donors (o + B diversities analogous to
donors)

J Similarity to donors (FMT-D) (P = 0.02)

Trend of

J similarity to donors (relapsers) (P = 0.1)

Donor batches associated with Proteo-
bacteria (E. coli and Aeromonas) and

4 abundance of Ruminococcus gnavus

No significant differences in similarity val-
ues of FMT-A patients

All recipients’ microbiotas, regardless of
response, shifted towards the respec-

tive donor microbiota

J Cumulative non-relapse rate in >11-
year difference group that 0-10-year

difference group

tive colitis exclusion diet

Table 4: Data summary table of the relationship between patients’ and donors’ microbiota post-FMT
FMT-faecal microbiota transplantation, FMT-D-donor faecal microbiota transplantation, FMT-A-autologous faecal microbiota transplantation, UCED-Ulcera-

at baseline acquiring a greater benefit from FMT.® Addi-
tionally, the authors found that patients were statisti-
cally significantly far more likely to respond to FMT if
they had received a recent diagnosis of UC (defined as
<1 year). In contrast the FOCUS trial observed an
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inverse relationship between endoscopic severity and
the primary outcome however this was no longer seen
when controlled for other factors.” Correlation with clin-
ical response was also noted with age but directionality
was not reported. No relation was however observed
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between the primary outcome and anatomical disease
extent, smoking status, disease duration, any concomi-
tant immunosuppressive (steroids, biologics, immuno-
modulatory) use. Similarly, the RCT by Costello et al did
not observe any interactions between age at diagnosis/
randomisation, disease duration/distribution, gender,
non-steroid based medication use or macronutrient
intake with a change in total Mayo score following
donor FMT.? Use of oral steroids at randomisation was
however associated with a greater reduction in total
Mayo score.

Amongst the non-randomised studies, in a single-
centre prospectively study of open label FMT statistically
significant association between moderate disease sever-
ity (Mayo score 6-9) and remission in UC patients,
along with endoscopic Mayo score 2.>° In addition, the
authors noted that severe disease (Mayo score >10) and
endoscopic Mayo score 3 were both significantly corre-
lated with FMT failure. A previous study by the same
authors reported that patients treated earlier on in the
disease course or those with mild disease had higher
rates of clinical remission.?” They noticed that in bio-
logic-experienced patients, endoscopic Mayo score 2
was a predictor of response whereas in biologic-nayve
patients younger age, moderate disease severity, shorter
disease duration and endoscopic Mayo score 2 were all
significantly predictive of a positive outcome. They
described young age as a baseline factor which deter-
mined participants’ response with patients under
40 years demonstrating greater rates of remission. In a
univariate analysis performed in an uncontrolled study
that consisted 11 disease recurrences in 116 UC patients
with active disease reported significant associations
with a baseline high Mayo score, recent use of steroids
to induce remission, low serum albumin, and periph-
eral blood lymphocyte deficiency were associated with a
higher recurrence rate following FMT.>° These are how-
ever recognised factors associated with unfavourable
disease outcomes irrespective of treatment. No associa-
tion with disease extent was observed and disease dura-
tion was not explored. Two other non-randomised
studies did not demonstrate any differences in clinical
characteristics  between responders and non-
responders.®®

Microbial predictors. Analysis of potential baseline
microbial predictors of response in the FOCUS trial
found that patients who achieved the primary outcome
tended to have higher faecal species richness at baseline
compared with patients not achieving the primary out-
come.” They also observed a similar non-significant
trend in the mucosal microbiome in which a higher
baseline species richness as well as an increased abun-
dance of specific species of Bacteroides (B. fragilis and
B. finegoldii) with was associated with a positive thera-
peutic outcome(33). Gut mycobiome analysis of the

FOCUS trial observed that a greater abundance of Can-
dida pre-FMT was associated with a clinical response
(and increased bacterial diversity post-FMT).>* An open
label study of 20 patients with active UC observed that
FMT responders had a lower relative abundance of Cau-
dovirales bacteriophages at baseline compared to non-
responders. The relative abundance of Caudovirales in
non-responders appeared to increase after FMT while
no change was observed in responders.>®

Patients receiving autologous FMT in the TURN trial
had a greater likelihood of response to treatment if they
possessed baseline microbiota profiles more similar to
donor samples or to patients in sustained remission fol-
lowing donor FMT. Differences in baseline microbiota
profiles between responders and non-responders was
however not found to be a predictor of response for
patients receiving donor FMT.>" Higher levels of Bacter-
oidetes, particularly B. vulgatus, and Prevotella in non-
responders at baseline were associated with relapse at
the 1 year follow up. A non-randomised study of FMT in
paediatric patients with UC observed that the abun-
dance of Fusobacterium was significantly greater at
baseline in non-responders compared to responders.>*

Metabolomic predictors. Potential baseline metabolo-
mic predictors of response was only reported as part of
the FOCUS study.?® Fifteen metabolites were identified-
N-methylphenylalanine, —N-acetylarginine, caproate,
lignoceroyl ethanolamide, biotin were associated with
an increased positive clinical outcome whilst the metab-
olites 5-aminovalerate, oleoyl-arachidonoyl-glycerol,
linoleoyl-arachidonoyl-glycerol, linoleoyl-arachidonoyl-
glycerol, sphingomyelin, sphingomyelin, gulonate and
heme were identified as being associated with increased
negative outcome.

Discussion

This systematic review outlines potential donor and
recipient clinical and microbial biomarkers that predict
and denote clinical response to FMT in patients with
UC. Examination of 7 double blind placebo controlled
RCTs and 12 non-randomised studies in FMT in UC
identified specific consistent findings in gut microbial
profiles that correlate with a favourable clinical
response along with clinical and microbial profiles that
have the potential of predicting response to FMT (sum-
marised in Figure 2).

Following FMT, the overall trends of biomarkers dis-
covered in responding patients’ microbiota communi-
ties were (a) an increase in bacterial diversity (alpha and
beta), (b) increases in Firmicutes and Bacteroidetes
along with key taxa belonging to these phyla, and (c)
recipient microbial profiles with increased similarity to
donor profiles. Responders of FMT had microbial pro-
files more similar to that of their donors, possibly
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Summary of key predictors and biomarkers of response to FMT in UC

FMT Donors Patients with UC o o Responders
° ° Increase in faecal microbial alpha diversity,
® abundance of Clostridiales clusters IV /
[ =} w XIVa and Bacterioides, increase in faecal
Imnnm short chain fatty acids concentration
\ o Non responder:
Optimum donor features Baseline predictors of response 0.0 o ,
- - No change in faecal microbial alpha
Greater faecal microbial alpha Younger age, short disease ° byt i e
diversity, increase in Proteobacteria,
diversity, higher abundance of duration, mild to moderate . i
. " Terrabacteria and Fusobacteria
Lachnospiraceae, Ruminococcus, disease, greater faecal microbial
richness

Bacteroides fragilis and lower
abundance of Proteobacteria

Figure 2. Summary of key predictors and biomarkers of response to FMT in UC. FMT, faecal microbiota transplantation, UC, ulcera-

tive colitis.

suggesting that the donor microbiota composition pro-
file may be used as a potential microbial treatment tar-
get for individualisation of FMT treatment regimens. At
a taxonomic level, studies have consistently demon-
strated an increase in abundance of Clostridium clusters
IV and XIVa (members of the Firmicutes phylum),
post-FMT this is associated with a favourable clinical
response. These include the Lachnospiraceae and Rumi-
nococcaceae families and are likely to induce this
response through immune regulation of colonic inflam-
matory pathways.*>#" SCFAs are the product of bacte-
rial fermentation of polysaccharide, oligosaccharide and
particular amino acids which are non-digestable by the
host.** Producers of SCFAs specifically Clostridium clus-
ters have a crucial role in maintaining intestinal func-
tion.” SCFAs have been shown to induce the
differentiation of najve CD4 T cells into immunosup-
pressive, anti-inflammatory IL-10-producing regulatory
T cells.*"** Consistently SCFA synthesis, and the pres-
ence of components contributing to this synthesis,
appears to be a metabolomic biomarker of response
post-FMT.*>3"3345 For instance, observed gene copy lev-
els of ButCoA were increased in those patients who
received successful FMT therapy whilst the microbial
capacity for butyrate production of the microbiota
decreased in patients lacking a response to FMT.*" The
FOCUS study also identified increased levels of heme
and lipopolysaccharide biosynthesis at both baseline
and post-FMT as potential biomarkers associated with a
negative outcome.” Not only do various bacterial patho-
gens produce heme, but it is also a vital source of iron
required for their survival with murine studies suggest-
ing its role in colonic inflammation.*°

Certain baseline recipient characteristics were found
to be important factors in determining a favourable out-
come. FMT recipients with younger age, less severe and
less extensive disease and potentially shorter duration
of UC (< 1 year) have been shown to associated with a
greater likelihood of response. These predictive baseline
factors are not too different to that of biological/small
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molecule therapies in UC. Whilst other biomarkers
were identified in this systematic review such as the
prior or concurrent immunosuppressant use in predict-
ing response, further research is needed to corroborate
these findings.® There is some evidence to suggest that
patients with higher faecal microbial richness at base-
line, greater abundance of Candida, lower abundance of
Caudovirales and a microbial composition closer to
donors at baseline are more likely to have a favourable
response.> ?*#7 It is plausible that the dysbiosis seen in
patients with a recent UC diagnosis as well as a rela-
tively lower degree of microbial aberrancy is more easily
manipulated with FMT resulting in a greater likelihood
of successful and sustained donor microbiome engraft-
ment and clinical response.

Only the FOCUS study reported on baseline metabo-
lomic predictors of response, with the findings of the
RCT provide significant insight into the bacterial metab-
olites which give a higher likelihood of achieving a posi-
tive FMT outcome.”> One of the most notable
metabolites was biotin (vitamin By), with diet and syn-
thesis by commensal microbiota in the gut being its pri-
mary source in humans.*® Biotin results in the
downregulation of the NF-«B gene thereby restricting
release of various pro-inflammatory cytokines in the gut
epithelium.*?

Greater microbial richness in donor stool was associ-
ated with an increased rate of clinical response in
patients with active UC.""*** Engraftment of donor-
derived microbiota ameliorates UC symptoms through
either replenishing bacterial species whose abundance
is decreased prior to treatment or, providing bacteria
which create an unfavourable environment for disease-
associated bacteria so as to repress their growth.”® Hav-
ing a high bacterial species richness, therefore, may
increase the chances that certain bacterial strains
engraft in the gut of the recipient and become perma-
nent members of their microbiota community.”’ Along
with increased bacterial richness, specific taxa were
identified in donor stool associated with remission,
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whilst others were found in those associated with treat-
ment failure. Donor stool which included high abun-
dances of Bacteroides OTU187 in addition to the families
Lachnospiraceae and Ruminococcaceae were more likely
to induce a response in recipients, whereas the presence
of Clostridium XIVA was seen in ineffective
batches.”""** The TURN study in contrast observed a
greater abundance of Ruminococcus gnavus in donors of
patients who relapse. However, it is important to note
that the microbial profiles of donors were similar to the
baseline profiles of the UC patients in this study. Prese-
lecting donors based on a richer microbial diversity and
greater abundances of SCFA producing bacteria or pool-
ing FMT from donors to control for variability in donor
microbial diversity. Pooling FMT is, however, no longer
practical as it presents major challenges with ‘look back’
exercises and root cause analysis in cases of FMT related
adverse events. One option would be to pre-condition
donors with a diet that is associated with increasing
microbial diversity. The CRAFT UC study attempted
this with preconditioning donors with a designer diet
(UCED) that consisted of dietary exclusion of specific
components such as saturated fat and food additives
that are thought to contribute to an immune mediated
inflammatory response.” Paradoxically the UCED diet
resulted in a reduction in donor microbial richness and
may have potentially contributed to the unfavourable
outcomes seen with donor pre-conditioned FMT. Never-
theless, optimum microbiome-based donor selection as
well as pre-conditioning with a diet that is associated
with increasing gut microbial diversity are likely to play
an important role enhancing response with FMT.>*>
The findings of this systematic review highlight the
possibility of enhancing a sustained response to FMT
through biomarker-based selection and optimisation of
donors and patients before and during the treatment
with FMT. Utilising precision medicine, would facilitate
an individualised, biomarker driven ‘treat to micro-
biome/metabolome’ target approach with FMT in UC
early in the disease. After the pre-defined clinical target
is reached, the need for further FMT is tracked based on
loss of this specified microbiome target. Studies are
now needed to help define these targets with leading
candidates that include alpha diversity, specific faecal
SCFA producing strains such as Clostridiales and faecal
butyrate levels. There are a few limitations of this sys-
tematic review. The heterogeneity of the study designs
that include mode and frequency of FMT administra-
tion, the use of a single or pooled donor approaches, var-
iable placebo and active comparators and differences in
microbial analytical strategies may make interpretation
in the context of a systematic review challenging. How-
ever, the reproducibility and consistency of several of
the findings reported in this review, in addition to bio-
logical plausibility, does bring a level of confidence. We
excluded studies with less than ten (FMT treated) partic-
ipants for quality control. None of these excluded

studies had detailed exploratory mechanistic data that
would have significantly influenced the findings in the
review.

To conclude, there is evidence of existing predictive
biomarkers for the treatment of UC with FMT, the most
well-defined of these being microbial indicators. Despite
the exponential growth in research into FMT over recent
years, the mechanistic understanding on the basis of
this treatment is poor. It also remains unclear if altera-
tions to the microbiota occur to certain pre-existing
immunomodulatory bacterial strains that are enriched
post-FMT, or if they are solely donor derived and
engrafted after treatment. It is clear however, that the
gut microbiota is fast becoming a pivotal therapeutic tar-
get which holds considerable potential.
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