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The association between early-life gut microbiota and
childhood respiratory diseases: a systematic review
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Alison Rodger, Nigel Field

Data from animal models suggest a role of early-life gut microbiota in lung immune development, and in establishing
susceptibility to respiratory infections and asthma in humans. This systematic review summarises the association
between infant (ages 0-12 months) gut microbiota composition measured by genomic sequencing, and childhood
(ages 0-18 years) respiratory diseases (ie, respiratory infections, wheezing, or asthma). Overall, there was evidence
that low o-diversity and relative abundance of particular gut-commensal bacteria genera (Bifidobacterium,
Faecalibacterium, Ruminococcus, and Roseburia) are associated with childhood respiratory diseases. However, results
were inconsistent and studies had important limitations, including insufficient characterisation of bacterial taxa to
species level, heterogeneous outcome definitions, residual confounding, and small sample sizes. Large longitudinal
studies with stool sampling during the first month of life and shotgun metagenomic approaches to improve bacterial
and fungal taxa resolution are needed. Standardising follow-up times and respiratory disease definitions and
optimising causal statistical approaches might identify targets for primary prevention of childhood respiratory

diseases.

Introduction

Childhood respiratory diseases, including respiratory
infection, recurrent wheezing, and asthma, are important
causes of morbidity and mortality in children and at ages
thereafter. Up to 30% of children worldwide will develop
at least one viral lower respiratory tract infection (vLRTI)
during their first 2 years of life,' mainly due to respiratory
syncytial virus, and a third of these children will have
subsequent recurrent wheezing episodes.” Although
asthma-like symptoms might be present before age
2 years, there are no reliable diagnostic tools to ascertain
a diagnosis of asthma in children younger than 5 years.**
Asthma prevalence from age 5 years to 14 years is
estimated to be around 10%,” making it the most
prevalent chronic disease in childhood globally.® Despite
the huge health burden of vLRTIs, there are currently no
widespread licensed primary prevention strategies for
them or for asthma in children.”” This absence of
strategies is partly due to an incomplete understanding
of disease pathogenesis—although host immune
response seems to play an important role in susceptibility
to both VLRTT and asthma.®” It is now known that the
innate and adaptive immune systems of individuals are
influenced by their gut microbiota composition during
the first year of life,”" which might be a determinant of
childhood respiratory disease aetiology.

Animal models have provided evidence that early-life gut
microbiota composition might influence respiratory
immunity and susceptibility to both asthma and respiratory
infections.”® This organ-level interaction is referred to as
the gut-lung axis. Mechanistically, bioactive bacterial
ligands and metabolites derived from the gut might enter
the circulation to affect immune cell migration in the
lung.* Summarising available human observational
evidence exploring the association between early-life gut
microbiota composition and childhood respiratory
diseases might help inform future intervention studies.
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The gut microbiota is the largest and most diverse
microbiota in the body, harbouring billions of bacteria
(the predominant organisms), archaea, eukaryotes, and
viruses.® Gut microbiota colonisation starts at birth and
is highly dynamic during the first years of life, stabilising
after 1-3 years.® Clinical, maternal, feeding, and
environmental factors shape the early-life gut microbiota
composition.”® For example, infants delivered by
caesarean section have a higher abundance of
opportunistic pathogens during the neonatal period
than do infants delivered by a vaginal birth.” To a lesser
extent, the same is true for infants who are not
breastfed.” Gut microbiota is usually measured by stool
sample collection and can broadly be described in terms
of diversity and abundance. Diversity describes the
number of different taxa within a community. a-diversity
refers to the number of taxa detected per sample,
whereas [-diversity indicates the difference in com-
position between samples.” More nuanced comparisons
identify specific relative abundance of bacteria or fungi
at different taxonomic levels.

In the past decade, genomic sequencing technologies
and bioinformatic analytical tools have advanced
considerably. Available platforms now allow the
simultaneous sequencing of most or all genetic material
present in stool samples,” enabling an untargeted and
more in-depth exploration of the gut microbiota
composition and functional community dynamics.”
A widely used genomic sequencing technique is the
amplicon approach, which sequences the ribosomal
16S rRNA gene and is highly conserved across all
bacterial species. This sequencing technique enables
resolution to the bacterial genus level.? Shotgun
metagenomic sequencing refers to the sequencing of all
DNA present in a sample without targeting.”” This
approach can readily resolve bacteria, fungi, viruses, and
other microorganisms to strain level and can be used to
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infer gene functionality.”” However, both 16S rRNA gene
sequencing and shotgun metagenomic sequencing
involve multiple steps and complex technical challenges
that can introduce measurement bias, including sample
storage, DNA extraction, sample quality control, and
bioinformatic  pipelines.”™*  Moreover,  studies
combining epidemiological and genomic sequencing
data could be subject to a range of limitations that might
threaten legitimate inference.”

We systematically reviewed the existing literature to
examine the association between gut microbiota compo-
sition during infancy (measured by genomic sequencing)
and the subsequent development of respiratory disease
during childhood.

Method

A systematic literature review was done in accordance
with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses guidelines.” The protocol was
prospectively registered in the International Prospective
Register of Systematic Reviews (CRD42020184094).

Search strategy and selection criteria

We comprehensively searched five electronic databases
(MEDLINE [Ovid interface], Embase, Web of Science,
Scopus, and Cochrane) for articles published with the full
text in English between Jan 1, 2010, and April 27, 2021. A
start year of 2010 was selected to ensure all studies using
genomic sequencing for gut microbiota characterisation
were captured.” Four broad search terms were considered:
“infancy”, “intestine”, “microbiota”, and “respiratory
disease”. An information specialist was consulted and the
search strategy was refined with an iterative process on
the basis of inclusion of key studies to optimise the
selection of MeSH terms and keywords. Additional
studies were identified by searching the references of
relevant systematic reviews and included studies
(appendix pp 2-3).

Screening and data extraction

The first reviewer (CG-MA) screened all titles, abstracts,
and full texts of shortlisted articles. A second reviewer
(VMP) screened 10% of studies at each stage of the
screening process and results were compared between
reviewers to check agreement. Any disagreement was
resolved with a third reviewer (CO). Data were extracted
Dby the first reviewer. The second reviewer independently
extracted information from 80% of included studies to
ensure accuracy in reporting and to minimise reviewer
bias.

Strategy for data synthesis

Differences in microbiota diversity, relative abundance of
bacteria or fungi taxa (at species, genus, or family level),
and any measure of association with 95% Cls relative to
either diversity or abundance were extracted and reported
as the main result. Other gut microbiota parameters

analysed and findings related to gut microbiota
composition and respiratory disease were also extracted
(appendix pp 8-10).

Assessment of methodological quality

Critical appraisal was performed independently by
two reviewers (CG-MA and VMP) to assess the quality of
included studies and provide context for the interpretation
of the findings. Studies were assessed with the
Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) metagenomics framework for
reporting of metagenomic studies.® A checklist to
evaluate reporting of the main sources of bias in
metagenomic studies was generated from the framework
(appendix pp 15-17). Studies were also assessed with the
Newcastle-Ottawa Scale (NOS) quality assessment scale
for evaluation of bias and study design limitations.* By
use of defined thresholds, the results from the NOS were
translated to the Agency for Health Research and Quality
standards and studies were rated as good, fair, or poor
(table 1; appendix pp 11-12).* When studies included
multiple analyses aimed at answering several research
questions within the same study, quality assessments
were only applied to the analyses relevant to this
systematic review.

Results

4759 titles and abstracts were screened and 4648 of these
studies were excluded. Reasons for exclusion included
non-primary research, animal studies, in-vitro studies, or
studies in which exposure or outcome were not relevant
to the research question. After a full-text review of the
remaining 111 studies, 11 were included (figure).
Agreement between the first and second reviewer was
high (k=0-98).

Ofthe 11included studies, eight were cohort studies?***
and three were nested case-control studies (table 1).7*
Nine studies were done in urban areas in Europe or the
USA and two studies were done in rural areas of Europe
and Ecuador.” Four studies were from the same research
group and based on the same birth cohort, with potential
overlap of participants.”**** Sample size ranged from
76 participants to 917 participants, with a median of 319.
Eight studies”?****¥ characterised the gut microbiota
composition at more than one timepoint, but only three
studies collected stool samples in the neonatal period (first
month of life).?**** All studies used amplicon sequencing
targeting the 16S rRNA (V3 or V4 regions) gene for gut
microbiome determination. Three studies included
evaluation of the presence of fungi.”*'* Respiratory disease
status was ascertained on the basis of parental reported
symptoms or reported doctor diagnosis of respiratory
disease in all but one study, in which the outcome was
ascertained with clinical visits during acute respiratory
episodes.” Two studies mentioned that lung function tests
were done,”* but it was unclear how these tests were
integrated into respiratory disease definitions.

www.thelancet.com/microbe Vol 3 November 2022



Review I

(abed 3xau uo sanuiuod T 3|qe] )

(92e1 pue ‘s39d ‘poyraw
K19AI[9p YUiq ‘aseasip
d1b19)[e K103s1Y [eutareW
‘uonedINp? [BUIRIBW
‘abe [eusajew ‘uiog-1siy
‘a|ewa) ‘pajisealq Jans
‘uabuayje bop s|qerdalsp
‘uabJaj|e 182 9|qeIdNP
‘Buipasjisealq JuaLInd
104 paxsnipe Ajjenpiaipul

pue paypiodai eyep)
1004 paisnlpeun ‘paisnipeun VN
1004  paisnfpeun paisnfpeun VN
(1000°0>d)
sfenplaiput

|013U0D UBY}
syuow ¢ abe

1e e1auab AYT4
Jo duepUNgE
EIGIEEY

19MO| dABY
9za3ym pue Adoje
YUM s[enpiAlpul
(A¥14 104) ¥Ddb

1004 passnipeun ‘paisnlpeun YU uonepljep

(0z:0>b H-g 9381 K12A0DSIP

as|ey 1oy bunsnipe) syuediiued ewyise
3{SU-MO] Y3im pasedwiod pjnjojopoyy
pue ppipup) 1aybIY pue pizassHIDI JIMO)
Ppey ewiyise Jo ysu ybiy yum saigeq
ulogmau :exe] [ebuny jo aduepunge
aAnejal {(50-0>b H-g 9181 K19n0dsIp
as|ey Joy bunsnipe) syuedipiued ewyise
[SL-MO] Y3 patedLliod DisubULIYY
pue ‘WnLa19pqi[pIan4 snjj190qo3on7]
‘wnua3onqopyig 1amoj pey (50-0>d ‘€-0T
-60-T Y0) sieak 7 abe 1e euyise Jo ysu
yb1y yam saiqeq uiogmau ‘(syauow 9
9be) dno.b Juejur ui saduRIRYIP

ou :(esauab) exey eLa1deq JO dUEBPUNGe
DAIB[RI ‘SI2ISN|D UBIMID] PRIIpP
(890-0=d 2€0:0=24 ‘'VAONYW¥3d
‘siun)-Keig) Ausianip-g [ebuny

pue (100-0>d ‘60-0=2¥ ‘YAONYWY3d)
Kusianip-g [euaioeq Hjsii ewyise

01 9A11e[21 papiodal Jou ANSIBAIP-0

(Bunsay ajdinjnw Joj uoiIRLI0d

194 §0-0<d) syruow gt Jo syyuow 6
sabe 1e saouasayp ou :(esauab)

exe] elialdeq JO aduepunge aAllejal
‘syjuow gt 1o syauow 6 sabe 1e (xapu|
uouueyS) ANSISAIP-0 Ul SIDUSIYIP ON

azapym 1noy1m syuedidied

pue azaaym yiim syuedmipred

U99MI( SadUIaYIP ou pue ‘(G0-0<d)
169K T 9be 1e pJIdsoj[125Q J9MO| pamoys
(s|enpiAlpul [013U0d Yaim paseduod)
9zaaym pue Adoje ‘syjuow ¢

abe 1e (G0-0<d) sn220203dasgsordad pue
Y14 JoMO| pamoys (S[enpiAipul [011U0D
yum pasedwod) azaaym pue Kdoye
:(esauab) exey elia1deq JO dURPUNQER
9AIIe[aI Leak T Jo syjuow € sabe

1e sadfjouayd 1noj ay1 usamiaq (xapul
uouueyS) AUSISAIP-0 Ul DUIIIP ON

Sjuejul 91oMm
(%€1) 89t/TC
‘|ereuoau
919M

(%ST) TTT/LT
‘ewiyise pey
(%¥T) 642/6€

siyduoiq
dijewyise
pey

(%81) ¥01/6T

s[enpiApul
|013U0d
(%E0) L
‘dnoib
9Za9yM

pue Adoje
ul(%/) T
‘dnoib
9zadym

ut (%€Eb) 9€T
‘dno.b Adoye
ur (%£2) £8

Beuiyise Jo m_mOEmm__u 10150p
pauiodas-jeuased o1 buipiore
ewyise ‘sieak z abe e isi

Apnis [ed1ulp pue ‘gl pue ‘yz ‘¢t
‘9 ‘T SYIUOW 1@ SM3IAIIUI [EIUBIRY

waisks

Kiojelidsai ay3 ul suondUI [elIA
9410 10 PO YIIM UOIIIBULOD Ul
Buiyaeaiq buizeaym pue Lyeanbs
Se pauyap siyduolq dijewyise
pasoubelp jo (s1eak £- abe)
2duseAald aane|NWIND ‘sieak €

pue ‘syruow gT ‘syauow 6 abe
SeM P|IUD UBYM SMBIAIRIUI [BIURIRY

(1eak 1 abe 3e Adoze 1o ewiyise ou)
S|enpIAIpuUl [013U0D pue JNNN£>>
pue Adoe ‘(a41] Jo teakasiy

u1 saposida buizeaym 1<) szsaym
‘(13K T 9be 1e 1591 3p1d annisod)
Kdoye :sadfjouayd inoy L1eak T abe
1B JUBWISSasSe [ediuld Apnis ‘abe
J0JBaA T pue ‘syuow g ‘syjuow €
1e salreuuonsanb [ejuareq

(sojdwres yueyur
‘%00T) 89T/89T
‘(sajdwes
|e1eUOdU

'%S8) OET/TTT
:sieak {7 e
‘sieak {7 ‘eluyisy

(%2-16) ¥1T/70T

:s1eak € 1e !s1eak €

‘(9dudjerasd
SAIR|NWND)
siIydpuoIq
JljewyIsy

(subisap Apnas
|013u03-3583

u1 A|dde Jou saop
dn-mojjoy 01
s50|) YN “1eak T
1i(ewyase 1o1e|
10} Axoud e se)
azaaymdidory

9/\ dseqeiep
31INN ‘C uoibau
J190eds paqdsuel}
|eusaiul

[ebuny ‘ayissepd
19014 aseqeieq
[eWIOSOq1Y pue
‘(€107) aseqeiep
sauabuaaln
‘bagiy eurwnyj|
‘PAVYNY! SOT
1ayissep

19f01d dseqerep
Jewiosoqry
‘Youagyiom
JlWoudy

1D ‘swiaishs
auIYdBYY BLIOUID
[BUOSID] UO|

pue ‘yonojauQ
RUCYI}

uol “EA YNY! S9T

uodidwe
EAVNY!

S9T pue yddb
UY3im uonepijen
(9007) aseqeiep
sauabuaain pue
‘basiH eutwiny|
‘EAVNY! SOT

(saueyur)
syjuow g 1e g9T
+10 (|eeuoau)
yiuow T

18 0ET {(symiq
IIe) ua1p|iyd 86T

syuow QT
pue syuow 6
‘ualpyd
uo3a|buis
‘Ky1jesy #11T

189k T

pue syjuow €
!s91qeq UIOGMBU
uo3a|buis
‘uoijeisab

,Sfoam GE ueyy
alow ‘Ayyeay 6TE

Kpms 1oyod

«(9102)
|e 39 eanwifng

Apnis 1oyod
«(ST07)
[e19 udsine]

Apns [013u0d
-95B Pajsaul

£(5T02)
[IRER2EIINY

uonepijep

exe]
4O dUBpUNGE dAIR[RI pUE ALISIAIQ

dUuEpUN]E AITEJI 10}
KAujenb  sjuawisnipe !Kyisianip
Apmis 104 syuaunsnipy

aseasip

Kioyesidsal ou snsian aseasip K1ojelidsas yum ualppiyd

dnoib
awod3n0
yoea uy
sjyuedpiped

UoRIULop
ALUO0DINO ‘UOIIEN[BAD JO POYIIN

(%)

N/u dn-mojjoy
‘uonenjend
awod1no

1e abe ‘swodino
Kiojeadsay

LUOIBUIWIRIRP
©301qoIW
Joanbiuydap

uo123]|0d
a|dwes [003s 1e
abe ‘syuedpiped
Apnis

e869

www.thelancet.com/microbe Vol3 November 2022



I Review

(abed 1xau uo sanunuod T 3|qe] )

paisnipeun ‘asn
J1301q1UE pUE ‘YLIq Jalje
uonesijendsoy buiqis

(110-0=d “19y1pow 1794J9) eLULISE YUM
SI9UI0W 0] UIOq UIP|IYd Ag pasuanpul
9loM mwucw‘_wt_ﬁ mu:mﬂ: Djm w>_wm_w‘_ _UEN
KUSIDAIP ‘S|013U0D pey Uey) Jedk T abe
18 (5€0-0=d ‘%62-0 51 %¥76-0) Djj2uojjIaA
1ybIy pue (z00-0=d ‘%/0-0 54 %50-0)
J02041uoAp]4 pue (z00-0=d ‘%SE-0

SA %10-0 dUEBPUNE dAITE[RI UeIPaLL)
sadisify ‘(770-0=d 1%99-0 51 %/7-0
dUEBPUNGE dAIIE[RI URIPLU) DLINGISOY
19MO| ey BLIYISE UIM S[enpIAIpUl
‘e1ousb |eli910e( JURpUNQE 3SOW

02 94110} ‘yIuow T 10 Y99Mm T sabe je
SIOUBIAYIP OU :(esauab) exey els1deq Jo
aduepunge aAep (£00-0=d ‘%9-0=2y
"7-€=4 'YAONYWY3d) BLY3Se In0yHMm
S[eNpIAIPUI SA BLUYISE YTIM S[enplAlpul

buiddoss 1a1ye asdeas

pue sp1oJa)s pajeyul Jo syjuow €
03 asuodsa. pue ‘siuobe-zg

95N 9NDSDI JUSUWLIAIUI JO) PIdU
‘SP|0d UOLILLIOD JO dPISINO Yybnod
usisiad Jo ‘ybnod jeuinidou
pabuojoud ‘swuordwiAs padnpui
-951219x3 ‘(sKep 9A1INdISUOD €
10 1589 1B) SYIUOW g UIYIIM
swoldwiAs bun| jo saposida G jo
[e 41 sisouberp ewyise ‘(saposida

19p|o ‘buipasjisealq u11eak T 38 AUSI9AIP-¢ ‘Yauow T pue Kiojendsas 93nde buunp buipnpur) (€107) aseqeiep 1eaf T pue
SAISN|IX3 JO UoIRIND oam T sabe 1e AISIaAIp-¢ ul sduLRYIP 19yeassyl Apeak pue ‘syyuow  (%¥6) 069/879  ssusbusaippue  ‘Yuow T M  Apmisuoyod
poy1aw A1aAIRP ou ‘uiodawiy Aue e (sadipul Toey) pue  BLIYISE pey 9€ pue‘0¢ ‘vz ‘T ‘C1'9 ‘€ 's1eak G 1e ‘basiyy eurwn))  (syuiq |je) saiqeq £(8107) &
poon yuiq Joy paasnlpy VYN uouueys) K)SISAIp-0 ul SHOURYIPON  (%6) 879/09 ‘T sabe “jeam T abe e sysia [edtuly  ‘s1eak G ‘ewuyisy ‘PAVYNY! S9T UIOgMAU 069 19 WOY¥d0IS
ay1| Jo teaks1y burinp (10-0>d ‘9~z D4¢ho|) syruow ¢ abe
saposida [esoyielp Jo 1© 11A9ZADLIPNY DIYII 13y BIY pey 9zaaym
Jquinu ‘syjuow / abe e o1doye yum uaipjiyp :(esauab) exey
ydouisoa ‘a41] Jo 1eak [ebuny Jo aduepunge aAle|al ‘syjuoW €
sy buunpsuoiddjul  sjoiauod Ayyjeay  abe 1e a1es KI9A0ISIP as|ey J0) parsnipe ydb
ey Klojendsal ym pasedwod (1£0-0=d ‘#-g D4zboy) vjjauojjiap pue s1e9k G abe 1e Adoze Jo adudpind Y1IM Uol3epi|eA
JoJaquuinu “1a1em d|qeod 9zaaymdidore (#¥0-0=d ‘-z H4zbo]) sna02001dasnns ou pue azaaym Jo K103s1y snoiaaid !(€107) aseqeiep
ployasnoy ‘poyraw UM UIpJIYd Ul ybiy pue (100-0>d ‘y<d4¢boy) S|0J3UOD  OU UM UdIp|IYd Jo d|dues wopuel VATIS ‘(1buny)
KI9AI[9P Yyuiq ‘uoiieInp  syuow € 1e Yddb wn1ia1a0qopLig Mo| pey 3zaaym Ayyjeay  sepauyap s|0J1u0d pue asuodsal VA VNYI S8BT
>1301q1UE ‘)| JO Jedk buisn saads o1doye yum uaipjiyp :(esauab) exey (%z2) 0/ 3s91pud upys aanisod pue sieak § ‘(9007) aseqerep Apnis |o1u0d
151y bunnp so Hueubaid 110aZADIIPNY  BII1IE( JO dUBPUNGE dANE[RI ‘[ebuny ‘9Z93YM abe je syjuow T snoiaaud ayy sauabuaaln Syuow ¢ -ased pajsau
buunp asnonoignue DIYIId Ul 10 [eLa1deq ‘AUSIOAIP-g 1o (xapur  didoje yum Ul azaaym papiodai Ajjeusslew se VN ‘sieak § ‘euiun| basiy  ‘saiqeq ulogmau (8102)
lle4 1oy pajsnipe jparsnfpeun  asealdul pajepljep TOeY)) AUSIDAIP-0 Ul SIDUIIYIP ON (%827) Lz  pauyap sased ‘smalaIaiul [elualed  ‘azaaymodidoly “PAVYNY! S9T Ayapeay /6 [e 12 e3RLLY
1eaK T abe Je sjenpiAIpul [013U0D pIp Uy}
(£00-0=d ‘e19u3b) piy104 pue (z€0-0=d
‘Kjiwey) sexdelidsouyde saybiy pamoys
(z0-0=d) J1edKT  ewyIse yum sjenpiAipul ‘syauow ¢ abe (sreak €
obe Je apIpUOaU  1e S|ENPIAIPUI [043U0D PIP UBY3 (SE0-0=d pue 1eak T sabe 1e bunsal ypud unys
WNIpL1S0|) J19MO) ‘€-T D4zbo| ‘winjAyd) se1ndiwuiy uab.a||e pasipiepuels uo paseq)
pue (300-0=d) pue (500-0=d ‘Ajiwey) seadeipLaso)) Kdoqe pue ‘buizeaym ‘uonedipawu
aunsodxa dnoiqnue sypuow € (9£0-0=d ‘z-T D4zbo ‘senads) ajpipuUcau paeyut Jo ewyise 104 dA1rebau uodijdwe
‘soideid buipaay  abe 1e paidsouyonT  wnipugsop) aybiy (860-0=d ‘z-T 14zho Se PaULIP S|0JIU0D pue S1edk H-€ EAVNY!
‘poyraw K1aA1jap yuIq Jo duepunge ‘eJauab) paidsouyo pue (S£0-0=d S|01U0d sabe woly suoiedIpaw pajeyul S9T pue ¥yddb 10K T
“19puab uo paydrew CAGLEEY ‘-1 D4¢Po] ‘ssep) s3[eIpLISO|) JaMO) Auyajeay  paqudsaid Jo sieak {7 abe Aq ewyise Yaim uoizepijea pue syjuow ¢
‘ainsodxa dnoiqnue 19MO| pamoys PAMOUS BLUYISE Y1IM S[ENPIAIPUI ‘eXe] payprew  josisoubelp uepiskyd se pauyap (9007) aseqeiep  ‘saiqeq uiogmau  Kpnis [013U0D
‘soideid buipasy BLIYISe YIIM ©BLI91IE( JO 3dUBPUNE SAITR) ‘Jeak T (%6¥) LE s9se) 's1eak € pue Jeak T sabe sauabuaai pue uo3a|buls -958) palsau
‘poyrawi K1dAljPp yuig  sjenplaipul :yddb 1o syauow € sabe 1e Ausianip-g o (xopur - ‘ewiyise yum e suepiskyd Apnis Aq syusussasse VN “euiwn| basiH ‘(s3oam GE<) (9T07)
poon “1apuab uo paydrepy YyHMmuomeplle)  uouueys) AHUSISAIP- Ul S9UIYIP ON (%TS) 6€  [edwulp pue saireuuonsanb ajdiynyy  ‘sieak ‘ewiyisy ‘EAVNYISOT w1 ‘Ayieay 9/ [e1d ewiswang
(abed snoinaid wouy panuiuod)
exe}
uonepijep JO duepUNQe dAIR[RI pUE AUSIFAI]
(%)
N/u dn-mojjoy
dnoib ‘uonenjend uoI1323]|0d
dduepUNE dAIIER|RI 1O awomnno awodno  uoneuiwsdlep  ddwes j003s 1
Kujenb  sjuawisnipe !Kyisianip aseasip Yyoea ul uoniuyap 1eabe Bwodino e101qo.DIW
Apnas 104 syuauinsnfpy Kio3esidsal ou snsian aseasip K1ojelidsal yum ualppiy)  sjuedpdined  9W01N0 ‘UoIEN|EAD JO POYIBN Kiorendsay Joanbiuyday

www.thelancet.com/microbe Vol 3 November 2022

e870



Review I

(abed 3xau uo sanuiuod T 3|qe] )

s1ad pue ‘sbuijqis

19p|0 Z< ‘siHjeULIRp
didore yum Jayie) Jo
Ry0W ‘X3S ‘Wbremywig
‘(>noiqoud sa ogade|d)
juswileas] ‘poyisw
Kianijap ypig ‘pooy

pIjos 01 uondNpo.Ul

1e 9be ‘buipaspsealq

104 paxsnipe

‘syad pue ‘sbuqis

19p|0 7< ‘siyewIap
didore yum Jayie) Jo
Jaylow ‘xas ar_m_w\s;t_n_
‘(>noiqoud sa ogded)
juswileas] ‘poyisw
K1aaijap yg ‘pooy

pIjos 01 uoidNpo.Ul

1e 9be ‘buipasjisealq
poon 104 pasnipy

poy1aw A1aAlRp
Pood yuiq Joy paasnipe ‘yN

VN

suonda Ul
Kiozendsal -0
Yam ualpjiys pip
ueys (510-0=d)
dds snao0s0s93u3
Jo duEpUNGR
dnIepRI JYbIY
pey suondajul
Kioyendsal

=€ ym
ua1pjiy yddb
Yaim uonepijep

BUWYISE IN0YHIM

ualp|iyd ueyy (100-0>d) Jazsipiq

pue ‘biidsouyan ‘winuazabgouyIn]
J1amo] ‘sabe ||e 1e ‘pamoys

eLIyISe YIM UdIp|Iyd :(e1auab) exel
©B1I912B(q JO 9dUBpUNQER dAITR[RI {(XapUl
uouueyS) AJISISAIP-D Ul S9dURIYIP ON

yoam 1 abe 3e (600-0=d

!8-7 D4¢boy) snanososagug pue (£00-0=d
‘2°€ 242boy) pjjaisqa)y -2y b1y pue
(6¥0-0=d ‘1-z d4¢bo)) wnuazongopyig
19Mo| pey (-0 Y1m 35043 Yam
pasedwod /-€ yum asoyl) suoidajul
Kiojendsas a1ow yum ualppyd
:(esouab) exe) [ersa10eq JO dUERPUNGE
3A11e[al ‘uoidauI K101eaIdsal
019A1e[21 paniodal Jou AusIanIqg

paviodal joN

(Ayaresy
paJapIsuod)
SuoAUI
Kioyelidsal
-0 Yum
(%S€) TV
‘suondayul
Kioyenidsal
£-€(%59) /£

(bunsay

uopuny bun| papnppul ‘swoydwiks
012np bujuaseme jeuinidou
‘yrealq Jo sssunioys ‘buizeaym)
syauow 7T 1sed sy u1 swoydwiAs
dAI13EdIPUI AUB UY3IM UOIIBUIGUIOD
u1 ewyjse Jo sisouberp 10100p
pariodas-juased QisiA [ed1ul))

(£-€ sa z-0 o3ul pastiohazed

pue JaqUINU dAITE|NWIND

© 01dn pawuLuns a19Mm 31|

0 129K 3511 Y1 Ul SJUDAD) dSIe[eLU
10 ‘aydeled ‘edoudsAp ‘buizasym
‘ybnod jo Aue pue (1,0-8€<)
J19A3) S PaUYP Lo
Kio3enidsal ‘aireuuonsanb

PUE M3IAIIUI PRINIINILS

(%99) ovv/c6c
:SI1edK TT-9 18
‘s1eak TT-9
‘eluyisy

(%86) 0TT/8TT

1eak T e aeak T

{(@dusppul
dA1E|NWND)
uomAuI
Kioyendsay

(TT07) 9seqeiep
sauabuaain pue
"bagiw eurwiny|

‘EAVNYI SOT

ADdb yum
uonepijea (z107)
9seqe1ep VATIS
pue ‘(z'z UoISIaN)
1ayissep

13014 aseqereq
|ewosoqry
ueisakeg aAleN
‘bagiyy euswin|
‘PAVNY! S9T

syuow g-/
pue ‘syyuow
€-G ‘syruow
€-€'sPam §
‘aseasip didoje
yumsiuased pue  Apnis 1oyod
salqeq uIogmau +(0202)
w1 ‘Ayeay ovy  |e 319 ozzeen
oM T
‘saigeq uiogmau  Apnis L0yod
(99m £€<) «(6107)
wiay ‘Ayijesy 0zT |39 uewAay

(abed snoinaid wouy panuiuod)

aduepunge aAl3e[d1 40y
Aujenb  sjuswisnipe ‘Kusianip
Apms 1oy syuawisnipy

uonepijeA

exe]
4O ddUBPUNGE dAIE[AI pUE ALISI9AIQ

aseasip

Ki03ea1dsa1 ou snsI1aA aseasip K1ojesidsal yum ualpjiyd

dnoib
awod3no
yoed ul
syuedpined

(%)

N/u dn-mojjoy
‘uonyenjen’
awodno

uoiuyap jeabe ‘swodno

3L0D1N0 ‘UOIIEN|BAD JO POYIIN

Kioyesdsay

Luoneuiwialap
ej01qonIw
Joanbiuyday

uoI13|0>
a|dwes |00s 1€
abe ‘syuedpiped
Kpms

e871

www.thelancet.com/microbe Vol3 November 2022



I Review

(abed 1xau uo sanuiuod T 3|qe] )

a1uad Apnis pue

‘yp1eq BupUANb3S (jBIN
10 ueqn) eate buiAll ‘yuiq
O uoseas ‘a1| Jo Jeak1siy
bunnp ainsodxa ‘ON ‘34|
Jo1eak1siy ur ainsodxd
9)OLUS 023Bg0] ‘SLIUOW g
abe 1e buipasjisealq
‘dore |eyeuaid
ybramyuiq ‘xas ‘sbuijqis
19p|o ‘poyraw Kianijop
yuiq ‘el eak T abe e
9sn dnoIque 104 pajsnipe
‘(jeany 1o uequn) ease

Buial| ‘yuiq Jo uoseas

‘a41] Jo seak1siy buunp
a1nsodxa ‘ON ‘a41] Jo Jeak
1514 U 21nsodxa axows
02eq0] ‘stjjuow g abe

1e buipaajisealq ‘Adore
[ereuasd ‘ybramymig

Sewyse

INOLAIM UBIP|IL PIP Uety (50-0>d
91e1 K19A0dsIp 3s|ey 70+ D42bo))
(snuab) Jazsipiq 12ybiy pue (65—
14zb0)) (Kj1wey) seadejpua iy pue
“(£0-2- D4¢bo0)) iwouq snasodouiny
"(££-1 03 /S5 T-D4gbo)) 1izyusnoad
WN1I2390q1[D22D4 J9MO| PBY BUILISE
Yam uaipiyd ‘1eak 1 abe ye :(H4zho|
G-T 15B3] 18 Y1IM 3soy3 buisuewwins
Ajuo) exey [e1a1deq JO dUERPUNGE
annep1 {(910-0=d [66-0-9%-0] 89-0
40) ewiyise wouy paydaloid 1eak T abe

(%29) £16/0£5
uoljeulwexo |edipalu pue ueak T1le
‘103514 [e21U1]> ‘1P AUreUUONSANb  passadoud aduues

18k T
pue syuow ¢

1e A1isIanIp- pasea.nul buiaey ‘ewyise UO paseq ewyise jo sisoubeip  |003s yumasoyl  (ET0Z) aseqeiep  ‘salqeq uIoGgmau
‘poyrawu KIdAIRP YuIq 1NOYUM UBIP|IYd YU pasedwiod (xapul ‘sieak G pue ‘¢ ‘T sabe 1e suenisAyd urpajeners  sauabusaip pue uoiplbuis  Apnispoyod
‘adel ‘1eak T abe je asn TOBY)) AHSISAIP-D Pasealdap pamoys  ewuyise pey Apnis Aq syuawussasse [ediuld w0330 “eujwny| basiy ‘(s399m GE<) +(0202)
poon J1301q1UE J0) pASNpy VN eLIyISe UM ualp|iyd 1eak T abe 1y (%TT) 0/5/€9 pue saureuuonsanb ajdinyy  ‘s1eak G ‘ewuyisy ‘PAVYNYI SOT Wiy ‘Ayajesy /16 [ERERRINCH]
ualp|iyd Ay3jeay pip ueyl syauow £
abe e SN2200UILLINY PUE ‘SaPIIa3IDGDIDY
‘DIIND|g ‘DLINGas0y ‘sn220204do)
‘piidsouton ‘Wnia1IDqI2aD- JIMO|
pamoys 9zaaym didoge yum uaIpiyd (sdno.b
pue ua1p|Iyd Ay3jeay pip ueyl syauow £ 9zadym
9be 1e niidsojjiosQ pue ‘snxodoido) sidoje
‘pJidsouLyoDT ‘WNLAIIDGIDIAD  PUB DZIIYM
J9MO| ey 3Z33YM JULINIAI JudLINdA
YUM UBIpJIYd ((SNuab eriadeq paseanap Ul papnjpul) sieak
Ajuo buikjnuapi 1e pawie saskjeue) Y109 pey G pue ‘€ ‘T sabe 1e uonesIsuds
exe] [eLd1deq Jo dduepunge daepl  (%z) 6G69/9T  21bisje Jo ‘Adoe ‘sniewusp didoje
‘(910-0=d [06-0-T-0] 550 ¥O) 2z93YM 9zeaym ‘9Z93YM JU.LINDAI ‘BLUYISE dARY
didoze pue (£00-0=d [56:0-9-0] GZ-0 didoje pey  jou pip sjenpiAlpul [013U0d Ay3jeay Jeak T
J0) 9zeaymualindal joandaoid sem  (%9) 659/S ‘941 Jo Jeakisiy ayi ul buizaaym jo 1 (%6/) syuow
syuow € abe Je AYISI9AIP-10 paseanul ‘9zodym  saposida gz se pauyap buizasym  /£8/6G9 “4edkT  (£T07) aseqeiep € ‘salqeq ulogmau
(spoyraw aaidIpasd INOLM S[enpIAIpUl UBY] SyIuoW € abe JU1INJ3 U123 ‘s1edk G pue ‘€ ‘T sabe ‘azeaymoidore  sauabusalg pue uojbuis  Apnis poyod
Buiures) suiydew) 1€ A1ISI9AIP-0 JaMO| pey azaaym didore pey (%Tg) 1esueniskyd Apnis Aq spusussasse pue 9zadaym “eujwin|| basiH ‘(s3oam GE<) «(0207)
1004 passnipeun ‘paisnlpeun VN ]PUE 9Z33UM JURLINIDI YHM UDIP|IYD 659/t [ed1ul]> pue SaJIBULONSANY JUa.NDRY ‘PAVYNYI S9T  wiay ‘Ayijedy /€8 |e 39 uiznog
(abed snoiraid woly panuiuod)
exe}
uoiepleA 4O duepUNge dAIR[RI pue AUSIdAIQ
(%)
N/u dn-mojjoy
dnoib ‘uonyenjend uoI1323]|0>
dduEpUNE AITE|I IO} swonno swomnno uoneulwsdap  ddwes [0o1s je
Aujenb  sjuawisn(pe !Kyisianip aseasip yoea ui uoniuyap 3eabe Bwodino ejoiqondiw  abe !syuedpdipied
Apms Joysyuawinsnfpy  Kiojendsal ou snsian aseasip Alojesidsas yum ualpiy)  siuedpdijied  aw01n0 ‘uoijen|es Jo poyiay Kiojeaidsay joanbiuyday Apms

www.thelancet.com/microbe Vol 3 November 2022

e872



Review I

S3|NSa. urew pued1sualdeIeYd APNIS :T 9/qnL

*(341] 40 183K 31 AU LI BLUYISE 10 ‘BUIZIIYM “BI0YLIBIP OU)

sfenpiaipul Ayaesy €ET Ul 1eak T pue syuow g sabe 1e pajdwes eyoiqoniw 1nb jo sbe Ayajeay sy s1ewinss 03 pasn sem (buiuies| sulydew) siskjeue 153104 wopueyly (50-0>d 9184 K13A00sIp 3s|ey) suabutifiad wnipli1so)) Jo 3dUBPUNGE PISEIDUI PUE [ILU0Iq
sn0doulNy pue ‘(esausb) pungasoy ‘izjiusnpid Wnla1IGIDIaD JO BIUBPUNGE PASEIIIP dAIE[R Pey Jeak T abe 1 asn d1joiqiue pue ewyise yum siuaiied 1eyy a1am saded urew ui pajiodas sbuipuly ‘sjeuayew Arejuswa|ddns wouy paidesxa sbuipui4§
“(s3utodawuny uaiayip e pa1da|jod asam sajdwes pue dn pamojjoy a1am suedidiied) 10 Jo pesisul pue pasn saIpNIs JSYIO ||+ Jeak T 1e dnoib Ajuo azeaym sy yam pasedwiod sieak € sbe 1e 21035 |dy aaisod e aney 01 A[a1| 210w sawi -G a1am

1eak 1 abe e dnoib buizasym pue Adoze sy *|d¥ ay3 Buisn s1eak TT pue sieak g sabe usesmiaq Jusudojeasp ewiyise 1d1paid 03 SIA [e21U1]D @ pey uaip|iy> s1eak € abe 1y s1eak € 104 dn pamoy|oy a1am uaip|iyd | aseqeiep pue ‘auljadid ‘wiogieid bupuanbas
19b1e] , "¥dd 2Anenuenb=y)db ‘oires sppo=y0 ‘3|qe|ieae Jou=yN abueyd pjos zboj=)4zboT ‘vjjauojjia ‘viy1oy ‘Ditdsouyan Wnia3anGIIAD=AYT4 "9be SWOIqODIW PANeWIISI=Y\T ‘BIGYI0H-IUIElUIG=H-g XPU| FAIIPAIJ BLILISY =|dY

(uonrednps [ejuaied

pue ‘sbuijqis jo Jaquinu
‘a1nsodxa ayouws ‘syad
‘a1nsodxa w.ej ‘Akdore

Jo Kioasiy |equased ‘210ds
1ebdy ‘aybramyiq

‘abe uoiye1sab ‘asn
Jnoique ‘buipasjisealq

(3 Aq paurejdx® jiny

uoneposse 'g0-0=d {00-1-6€:0] 29-0
30) ewyise didore-uou wouy paydajoid
169K T 9be 1€ WNa3oDqIDIaD4 pUe
'SN2200UILLINY “DIINGaSOY JO MdUEPUNGE
aAnejp. Jaybiy buiney ‘ewuyise 1noym
URIP|IL PIpP UBY) WN1a1IDqIDIaD4

pue ‘sn22020UILLNY ‘DLNGASOY

19Mmo| 1eak T abe 1 ‘pamoys ewyise
yrm uaip|iyp ‘(¥20-0=d [S6-0-610]
89-0 ¥0) ewyise didoje-uou puedidore
104 wouy panajoid syjuow z abe

1 5N2202042]U7 JO DUBPUNGE dAITL[DI
MO pUE SapI0Ja1IDGDID] PUE SapI0Ja1Ing
Jo @uepunge aAne. ybiy e buiney
“eLILISe INOUM UIP|IYD PIp Uy
$N22000423U7 J2YB1Y pue sapi0Ja31oDGDIDY
U Sapl01a39Dg JOMO| ‘syauoL Z abe e
‘pey eluyIse Yam ualp|iyd :(esauab) exey
©119128q JO DUBPUNGE A1) ‘BLULISE
1NOYUM URJIP|IL PIp Uey} Jeak T abe

1€ N3 Jamo| pue syjuow z abe 1e iy

(sreak g abe 1e

Knawouds Agq painsesw uonduny
buny) s1eak g abe 1e T-w/n|

/-0 ueyy saybiy suonesjuaduod 36
ydads yum (jeruuasad Jo jeuoseds)
suabia||e Juejeyul 0} UOIESIHSUIS
JUBHILLODUOD JO 3IUISEe JO ddusald
ay3 se pauyap ewyise didore-uou

(0t02)

dseqelep diweulp
3LINN ‘T uoibas
190eds paqLosueny
Jeusaqui [ebuny

‘poyraw Kianijap U1 9DURIRYYIP © Pey BLUYISE YIIM UIP|IYD pue didoje ‘siyduOIq dneLyISe 10 !(€10¢) aseqerep
yuiq buipnput sajqerrea ‘(es2uab e11R12q JUIYIP JO JAQUINU 1O} SIIYdUOIQ dAIPNIISqO Jo sasoubelp  (%/8) 07//979  Seuabudaip pue seakTpue  Apnis ioyod
[e21UI]> Pa1Y3||02) [0/:0=1] uonyepui0d dAmIsod) ANsIaAIp-0  ewyise pey JUS1INDA IO DUO JsB3)| JE BLLIiSe isieakgie  ‘basiy eurwn) SUyIuOW ¢ ‘salqeq £(0202)
poon paisnipe jireapun VN 1oy Axoid e se [py 3 partoday  (%6) 979/€S  josisoubeip J01d0p paiodal-luared  ‘sieak g ‘ewuyisy “PAVYNY SOT ulogmau 0z/ |19 soudaqg
(abed snoinaid wouy panuinuod)
exel
uonepifep JO @duepUNGE dAITR[RI puE AYSIPAIQ

PdUBpPUNGE dAITR[DI 10}
Kyjenb  syuswisnipe !Kyisianip
Apms 10y syuaunsnipy

aseasip

Kio1es1dsas ou snsan aseasip K1ojesidsal yam ualpjiyd

dnoib

awodno
ydea ui uoniuysp
sjuedpipied  AWODINO ‘UOIIEN|EAD JO POYIRN

(%)

N/u dn-mojjoy
‘uonyen|eA’d
awodno

1e abe ‘swodino

fiojendsay

uo13|]0>
Luoneuiwialep  ajdwes jools je
ejoiqoniw  abe ‘syuedpiped
Joanbiuydap Kpms

e873

www.thelancet.com/microbe Vol3 November 2022



Review

e874

7347 potentially eligible studies 1 potentially eligible study
identified through database identified through other
search sources

—b| 2589 duplicates excluded

| 4759 screened |

—p| 4648 excluded

A

111 full-text studies assessed for
eligibility

100 excluded
42 not original or peer-
reviewed research
7 animal or in-vitro study
17 child gut microbiota
was not the exposure
17 outcome was not
respiratory disease
7 gut microbiota was not
measured before
onset of respiratory
| disease
2 first microbiota
measured after
age 1year
5 microbiota evaluated
with techniques other
than next-generation
sequencing or
performed in a small
subset of patients
3 sample size
<50 participants

A

11 studies included in systematic
review

Figure: Study selection

Four of the 11 included studies were classified as poor
quality,”?* one was classified as fair quality,” and six were
classified as good quality (table 1, appendix pp 11-13).***
#3%3 Study design limitations were mainly due to potential
selection bias or unadjusted confounders. Most studies
selected participants on the basis of completed follow-up
or availability of stool samples, whereas only three
studies™*** compared participants with and without stool
availability or complete follow-up, showing low probability
of selection bias. No studies presented hypothesised
a-priori causal pathways regarding variables associated
with exposures or outcomes (potential confounders),” and
three studies did not mention adjusting for confounding
factors.”** The other eight studies adjusted for some
potential confounders, such as breastfeeding or delivery
method. However, other important potential confounders,

such as socioeconomic status or smoking exposure,” were
not accounted for in most analyses of these eight studies.

Regarding the STROBE metagenomics checklist
(appendix pp 14-17), all included studies provided at least
partial methods for specimen collection, storage, and
DNA extraction, although six studies”***"**did not clearly
report time between sample collection and freezing.
Six studies”?* explicitly reported use of negative control
samples to exclude contamination. Sequencing methods
and bioinformatic pipelines were at least partly reported
by all included studies. Seven studies amplified the
V4 hypervariable region of the 16S rRNA gene, and
four studies amplified the V3 region of the 16S rRNA
gene.”?** All studies except one” used Illumina HiSeq
or MiSeq sequencing platforms. Bioinformatic pipelines
for data cleaning varied between studies. Four used
Mothur?****2and six used QIIME or QIIME2 233337 Al
but one study® used a version of the Greengenes database
(2006 or 2013) as a reference for defining bacterial
operational taxonomic units.

The statistical analyses used to establish the
association between diversity and relative abundance of
taxa and respiratory disease included wunivariate
statistical tests,” correlation matrices adjusted for false
discovery rates,” DESeq2,”*"** multivariate regression
models adapted to microbiome data (eg, MaAsLin),”
and predictive machine learning approaches.** Most
included studies compared microbiota diversity or
raw relative abundance of taxa between participants
with and without respiratory disease, whereas
others used clustering approaches based on microbiota
composition.”***”  Four studies used quantitative
PCR as a confirmatory assay”***"* and one performed
next-generation sequencing in a subset of 20 samples.”
Two studies used experimental models (animal or in-
vitro experiments) to validate observational findings.”*
Four studies”?**evaluated gut microbiota functionality
by measuring concentrations of short chain fatty acids
and Dbacterial metabolites” in stool samples
(appendix pp 8-10). Only two studies considered
a-priori power calculations; however, no specific
estimations of power were reported.”* Although cross-
sectional studies were excluded, the potential for
reverse causality was identified in two of the included
studies, in which respiratory disease was assessed
before, at the same time as, or after one of the
timepoints for stool collection.??

Study results have been summarised and stratified by
type of respiratory disease and age at stool sample
collection” (tables 1-3). Two groups of studies were
identified on the basis of respiratory outcome definition,
including whether atopy was considered and age at
outcome determination.’ The first group included nine
studies that explored atopic wheeze or asthma”»**¥
(table 2), of which four studies followed up participants to
age 5 years,”*** one study followed up participants to
age 6 years,” and one study followed up participants
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between age 6 years and age 11 years.” The second group
included studies exploring respiratory infections or
studies exploring wheezing in the context of respiratory
infections (first year of life), referred to as “respiratory
infection or wheezing” (table 3).”7%%*%* Two studies
explored wheeze both with and without atopy (defined as
positive prick test) at age 1 year and were included in both
groups.””

Asthma and atopic wheezing

Of the seven studies”****¥ that explored the direct
association between a-diversity and asthma or atopic
wheeze, two reported that higher gut microbiota
a-diversity in the first year of life, compared with lower
a-diversity, was significantly associated with not having
atopic wheeze at age 1year, and not having asthma at ages
5 and 6 years.” The other five studies observed no
association. Three studies used an alternative measure
for describing overall gut microbiota composition. These
studies explored gut microbial maturity on the basis of
bacterial taxa compositional changes over time in a subset
of healthy participants and compared this microbiota
maturity with that of participants who developed
childhood respiratory disease (appendix pp 7-10).
One study used this method as a proxy for diversity, as
they were positively correlated.” One study reported that
increased gut microbiota maturity at age 5 weeks,
compared with decreased gut microbiota maturity, was
associated with high risk of asthma in participants aged
6-11 years,* and two studies reported an association
between an immature gut microbiota at age 12 months
and increased risk of asthma at ages 5 years and 6 years.*”

Although results varied between studies, overall there
was evidence of a low relative abundance of the genera
Bifidobacterium®*'in stools collected at ages 1 month and
3 months and low abundance of the genera
Faecalibacterium,”*~" Roseburia,**” and Ruminococcus™
in stools collected at ages 3 months and 1 year being
associated with asthma and atopic wheeze at ages
1-6 years. Low relative abundance of Lachnospira?** at
age 3 months but increased abundance of Lachnospira at
age 1 year®”was also associated with asthma and atopic
wheeze at ages 1-6 years. One study showed low relative
abundance of Veillonella” at age 3 months was associated
with atopic wheeze at age 1 year, whereas two studies
reported that high relative abundance of Veillonella at
ages 3 months and 1 year was associated with asthma
and atopic wheeze at age 5 years.

Three studies”*” explored the association between
fungi and asthma. One study sequenced the conserved
fungal marker genes, including the 18S rRNA gene,” and
two studies sequenced the nuclear ribosomal Internal
Transcribed Spacer (ITSI1 and ITS2).”¥ High relative
abundance of Candida and Rhodotorula and low
abundance of Malassezia taxa measured at age 1 month
in one study,” and an increase of Pichia kudriavzevii at
age 3 months measured in another,* were associated

www.thelancet.com/microbe Vol3 November 2022

with asthma and atopic wheeze at ages 4-5 years. The
third study found no associations between fungal
maturity and asthma at age 6 years.”

Respiratory infections and wheezing

Four studies were included in the respiratory infections
and wheezing group, in which respiratory disease
definitions were highly heterogeneous. One study
evaluated respiratory infections,” another study evaluated
wheezing in the context of respiratory infection,® and
two studies evaluated non-atopic wheeze”* at age 1 year.
Three studies””* explored the association between
a-diversity and respiratory infections or wheezing and one
study reported that high o-diversity in the first year of life
was associated with reduced recurrent wheezing at age
1 year.* The other two studies did not find an association
between a-diversity and respiratory infections or
wheezing. Two studies showed no association between
relative abundance of species measured at ages 3, 9, and
12 months and wheezing at ages 1-3 years.”" One study
showed a lower relative abundance of Bifidobacterium and
higher abundance of Klebsiella and Enterococcus at age
1 week in children with higher cumulative incidence of
respiratory infections at age 1 year than for children with
lower cumulative incidence of respiratory infections.” No
study specifically explored vLRTT as an outcome.

Discussion

To our knowledge, this systematic review is the first to
consider the association between early-life gut microbiota
and childhood respiratory diseases, including respiratory
infections, with a focus on genomic sequencing to measure
the gut microbiota. Large studies (>700 participants)
reported high a-diversity as being protective of asthma and
wheezing.”** Overall, there was evidence of low relative
abundance of Bifidobacterium®**in stools collected before
age 3 months being associated with respiratory infections
at age 1 year and asthma at ages 4-5 years. Generally,
low abundance of the genera Faecalibacterium,®*~
Roseburia,”¥ and Ruminococcus,* in stool samples
collected at ages 3—-12 months were associated with asthma
and atopic wheeze at ages 1-6 years. However, there were
important study limitations, including heterogeneous
outcome definitions and follow-up times, residual
confounding, small sample sizes, and heterogeneous
bioinformatic and statistical approaches, with most studies
not reporting effect estimates.

A previous systematic review by Zimmerman and
colleagues® in 2019 assessed the association between gut
microbiota and atopy, including asthma. Study inclusion
was not restricted by method of microbiota determination,
and 11 studies that independently reported wheezing or
asthma as their outcome were included. Four of those
studies were also included in this systematic review.”**
The other seven studies were excluded, as gut microbiota
determination was not done with genomic sequencing.
Instead, these seven studies used culture,”* PCR testing
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Age at gut microbiota a-diversity (respiratory disease  Relative abundance of bacteria taxa (or fungal Age of participants at AHRQ rating
determination Vs no respiratory disease) taxa) in respiratory disease versus no respiratory  respiratory disease
disease determination (outcome)
Fujimuraetal (2016)® <1 month Not reported Lower Bifidobacterium, Lactobacillus, 4years (high risk of asthma) Poor
Faecalibacterium, and Akkermansia; lower
Malassezia; higher Candida and Rhodotorula
Stockholm et al (2018)* <1 month No difference No difference Syears (asthma) Good
Arrieta et al (2015)7* 3 months No difference Lower Faecalibacterium, Lachnospira, Rothia, 1year (atopic wheeze) Poor
Veillonella, and Peptostreptococcus
Boutin et al (2020)** 3 months o-diversity decreased Lower Faecalibacterium, Lachnospira, Coprococcus, 1year (atopic wheeze) Poor
Roseburia, Blautia, Parabacteroides, and
Ruminococcus
Stiemmsa et al 3 months No difference Lower Clostridiales and Lachnospira; higher 4 years (asthma) Good
(2016)** Clostridium neonatale (species), Clostridiaceae
(family), and Firmicutes (phylum)
Arrieta et al (2018)* 3 months No difference Lower Bifidobacterium; higher Streptococcus, 5 years (atopic wheeze) Fair
Veillonella, and Pichia kudriavzevii
Arrieta et al (2015)7* 1year No difference Lower Oscillospira 1year (atopic wheeze) Poor
Stiemmsa et al 1year No difference Lower Clostridium neonatale; higher 4 years (asthma) Good
(2016)** Lachnospiraceae and Rothia
Stockholm et al (2018)*  1year No difference Lower Roseburia, Alistipes, and Flavonifractor; higher 5 years (asthma) Good
Veillonella
Patrick et al (2020)** lyear a-diversity decreased Lower Faecalibacterium prausnitzii, Ruminococcus 5years (asthma) Good
bromii, and Rikenellaceae (family); higher Dialister
Depner et al (2020)” 1year o-diversity decreased Lower Faecalibacterium, Roseburia, and 6 years (non-atopic asthma) Good
Ruminococcus
*Studies from the same cohort. AHRQ=Newcastle-Ottawa Quality assessment for cohort and case-control studies converted to the Agency for Healthcare Research and Quality scale. One paper* did not report
results independently by time of stool sample collection, but the authors reported consistent decreases in relative abundance of certain bacteria genera in gut microbiota (Lachnobacterium, Lachnospira,
and Didlister) at all timepoints examined (5 weeks, 3-3 months, 5-3 months, and 7-8 months) in children who developed asthma (parent-reported doctor diagnosis of asthma at age 6-11 years) compared with
children who did not develop asthma.
Table 2: Studies exploring asthma or atopic wheeze

targeting five bacteria,®* or denaturing gradient gel
electrophoresis.”*  Zimmerman and colleagues
summarised study results at a bacterial family taxa
resolution. They concluded that high relative abundance
of Bacteroidaceae, Clostridiaceae, and Enterobacteriaceae
and low relative abundance of Bifidobacteriaceae and
Lactobacillaceae were associated with the development of
allergic sensitisation, eczema, or asthma.

All studies included in this systematic review used
16S rRNA gene amplicon sequencing, allowing a relatively
untargeted starting point for exploring the gut microbiome
and permitting us to summarise and compare study
results at a bacterial genera level. Some studies reported
that high relative abundance of non-commensal gut
bacteria such as Klebsiella and Enterococcus at age 1 week®
was associated with respiratory infections at age 1 year, that
high relative abundance of Streptococcus at age 3 months
was associated with atopic wheeze at age 5 years, and that
high relative abundance of Rothia® or Dialister at age
1 year was associated with asthma at ages 4-5 years.
However, study results seem to show more consistency
with regard to low relative abundance of particular gut-
commensal bacteria genera, such as Bifidobacterium,”'
Faecalibacterium,””** Ruminococcus,” or Roseburia,”>”in
the first 1-12 months of life being associated with
respiratory disease.
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The genus Bifidobacterium constitutes one of the most
abundant bacteria in the gut of children during the first
4 months of life**'and has been shown to modulate the
systemic immune response of individuals through
surface-associated molecules and microbiota-derived
metabolites both in vitro and in vivo.” Specific
Bifidobacterium spp have been shown to affect respiratory
disease susceptibility in mouse models of asthma and
respiratory infection.** A 2020 study showed that gut
colonisation with Bifidobacterium infantis regulates the
equilibrium between Th1 and Th2 responses, reducing
symptoms of atopic asthma in an induced mouse
model.” Another study reported that, when challenged
with influenza virus, mice with higher gut abundance of
Bifidobacterium and  Bacteroides showed increased
influenza survival through an enhanced CD8 T-cell and
well regulated macrophage response than mice with
lower gut abundance, preventing excessive airway
neutrophil influx.”

The bacteria genera Faecalibacterium, Ruminococcus,
Lachnospira, Roseburia, and Veillonella correspond to the
clostridia class, which has been described in the guts of
children from around 4-6 months of age, coinciding with
weaning off breastmilk.® Ruminococcus (specifically
Ruminococcus gnavus) and Roseburia (specifically Roseburia
inulinivorans) have been described as signature taxa in
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Arrieta et al (2015)” 1year No difference

Age at gut Diversity (respiratory Relative abundance of bacteria Age of participants at AHRQ rating
microbiota disease vs non- taxa (fungal taxa) in respiratory  respiratory disease
determination  respiratory disease) disease versus non-respiratory determination (outcome)
disease
Reyman etal (2019)® <1 month Not reported Lower Bifidobacterium; higher 1year (cumulative incidence of ~ Good
Klebsiella and Enterococcus respiratory infections)
Arrietaetal (2015)7 3 months No difference No difference 1year (wheezing) Poor
Boutinetal (2020)* 3 months o-diversity decreased Lower Faecalibacterium, 1year (recurrent wheezing) Poor
Lachnospira, Coprococcus, and
Oscillospira
Laursen etal (2015)*® 9 months No difference No difference 3years (wheezing in respiratory  Poor

No difference

AHRQ=Newcastle-Ottawa Quality assessment for cohort and case-control studies converted to the Agency for Healthcare Research and Quality scale.

infection context)

1year (wheezing) Poor

Table 3: Studies exploring respiratory infections or studies exploring wheezing in the context of respiratory infections

infants aged 12 months.” Potential immune-modulation
mechanisms have been described for Roseburia and
Faecalibacterium, which produce butyrate, a bacterial
metabolite with anti-inflammatory properties in animal
and in-vitro models.” Although one study included in this
systematic review showed that inoculating germ-free mice
with Lachnospira, Veillonella, Faecalibacterium, and Rothia
improved airway inflammation in the adult progeny of
these mice,”little is known about the mechanistic role of
these bacteria in respiratory disease.

Comparison of studies exploring respiratory infections
and wheezing episodes in children younger than 5 years is
challenging because of the inconsistent definitions for
upper and lower viral respiratory infections and recurrent
wheezing in the literature and clinical guidelines, and the
difficulty in diagnosing asthma at ages 0-6 years.”
Correctly classifying wheezing phenotypes could be
crucial as they seem to have divergent underlying
pathophysiology, shown by the variability in response to
different treatments (eg, steroids or 32 agonists).” In turn,
these phenotypes might be linked to different early gut
microbiota compositions. We stratified results by
respiratory disease type but still found that outcome
definitions were inconsistent within groups, were mostly
ascertained by parental interviews (with potential recall
bias), and follow-up of children only went beyond age
5 years in two asthma studies. Wheezing in children
younger than 5 years was used in most studies as a proxy
for asthma, with some studies considering atopy and
other studies not considering atopy. However, wheezing is
a symptom and not a disease,” so the results of these
studies should be compared with caution and the
measurements of outcomes are at risk of misclassification
bias.

Only two studies included in this systematic review
contained respiratory infections per se in their outcome
definition.”* The largest and most robust study showed
that low relative abundance of Bifidobacterium and high
relative abundance of Klebsiella and Enterococcus in stool
samples collected at age 1 week were associated with
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a higher number of respiratory infections evaluated at age
1 year compared with those with low numbers of
respiratory infections.” As such, a considerable knowledge
gap exists with respect to respiratory infections.

Neonatal gut microbiota composition is known to
influence subsequent colonisation patterns, which might
also affect subsequent microbiota and immune crosstalk
and development in the long term.” However, only three
studies included in this systematic review collected stool
samples in the neonatal period (first month of life),**¥
even though this age has been highlighted as an important
time period for potential microbiota-altering inter-
ventions.™” Although Zimmerman and colleagues®
reported consistency regarding study results in stool
samples collected in the neonatal period in six wheezing or
asthma studies, as our review only included three studies
with neonatal stool samples, we found more consistency
in results from studies with stool samples collected at ages
3-12 months. Gut microbiota composition beyond the first
year of life might also be important, although careful
assessment of timing of respiratory disease ascertainment
will be needed to avoid reverse causality.

Despite relatively good reporting of laboratory methods
and bioinformatic pipelines, these methods and pipelines
were heterogeneous, important information was
sometimes missing, and potential procedure-specific
bias was barely discussed. For example, six studies did
not clearly report time between sample collection and
freezing and no studies mentioned freeze —thaw cycles,
although both can affect microbial profiles.?** Similarly,
time between sample collection and processing, which
introduces artifact to measures of relative abundance
(eg, Bacteroides spp are selectively depleted at
-80°C dependent on time in storage),” was only explicitly
mentioned by one study” Although microbiota
characterisation through 16S rRNA gene amplicon
sequencing allows bacterial determination robustly down
to the genus level and is cost-effective, it is subject to bias
associated with PCR primer-binding and bacterial
taxonomic classification.® Furthermore, the choice of
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reference database for bacterial taxonomic classification
is crucial, and could lead to different results.” In this
systematic review, most studies used the Greengenes
database; however, of note, this database was last updated
in 2013.2 Use of an up-to-date reference database is
important for accurate and high-resolution taxonomic
assignment to enable comparisons of the sequencing
output with a rapidly expanding and improving microbial
genome taxonomy.*

A more informative genomic sequencing approach
than the targeted amplicon sequencing method is shotgun
metagenomic sequencing, which enables completely
untargeted sequencing of all genetic material present in
a stool sample; robust bacterial resolution down to
a species or strain level; provides information about
functionality; and detects viruses, archaea, fungi, and other
microeukaryotes that do not possess the 16S rRNA gene.”*
Reporting microorganisms down to a strain or species taxa
is crucial, as different species within the same genus can
have different immunomodulatory effects.*

This systematic review has additional limitations. The
search was restricted to studies published after 2010, and
it is possible that some smaller studies were missed. One
included study had important issues with reverse
causality, and one study was a post-hoc analysis of
a randomised controlled trial (RCT).”* These studies did
not meet the predetermined exclusion criteria but have
important limitations and should be interpreted
cautiously. Findings were summarised in two groups on
the basis of outcome definitions, but alternative ways of
grouping study findings could be used. As most studies
did not report effect estimates, publication bias cannot be
assessed with a funnel plot. However, the fact that some
of the studies included in this systematic review reported
null findings is somewhat reassuring.

Several frameworks have been developed to aid
decisions in establishing causation in microbiome
studies.”* An important point in these frameworks is that
inoculating a host and generating or preventing disease is
a key step in providing evidence for causation. <
However, although some Bifidobacterium spp have been
shown to influence respiratory disease pathogenesis in
animal studies,”** meta-analyses published between 2015
and 2020, including RCTS testing the efficacy of probiotics
and prebiotics to prevent respiratory disease, have not
shown a reduction in childhood risk of asthma, wheezing,
or respiratory infections.®” Improving RCT study design
and optimising observational studies to identify key
bacterial species (most RCTs have focused on particular
Bifidobacterium spp and Lactobacillus spp) for subsequently
informing intervention studies,” alongside optimal
timing of intervention,” is important.

Another important consideration is that the entire
process of microbiota ecosystem development could be
the cause of health or disease, rather than the absence
or presence of specific microorganisms. The role of gut
fungi, only explored in three studies,”*¥ and gut viruses

should be considered.”” This concept has implications
for future prevention strategies, potentially shifting the
focus from introduction of single species towards
designing probiotics with a rational mixture of species,
or towards holistic interventions that might include
changing perinatal clinical practice (eg, antibiotic use
guidelines or diet).** However, such interventions might
prove more complex to design, implement, and evaluate.

Another outstanding question when evaluating
causality between gut microbiota and lung disease is the
role of the respiratory microbiota.” Given evidence of
bidirectional influences between gut and respiratory
microbiota,” the potential effect of respiratory microbiota
on the immune system, and the observed association
between  respiratory microbiota and  childhood
respiratory disease,” respiratory microbiota might act
as a confounder, mediator, or effect modifier in the
association between gut microbiota and childhood
respiratory disease.” Longitudinal studies collecting both
stool and respiratory samples might help to understand
these complex interactions and elucidate the role of the
gut-lung axis to identify targets for primary prevention
interventions for childhood respiratory diseases.

Overall, there is observational evidence that low
a-diversity and relative abundance of particular
gut-commensal bacterial genera in the first year of life are
associated with subsequent respiratory disease, especially
asthma. There is less evidence for the association between
low a-diversity and relative abundance of particular
bacterial taxa in the first year of life and respiratory
infections. However, the available evidence showed
important limitations, and gut microbiota composition
might not have a causal role in subsequent respiratory
disease (despite the observed associations). Large
longitudinal studies with stool and respiratory sampling
during the neonatal period that use shotgun metagenomic
sequencing to improve measurement resolution of the
microbiome to a species or strain level are needed.
Optimising statistical approaches for causal inference,
standardising outcome definitions, and validating
findings with experimental models will help move
knowledge forward in the area of early-life microbiota and
in the development of potential preventive and therapeutic
interventions for childhood respiratory diseases.
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