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ABSTRACT

Antimicrobial resistance is a growing public health burden, but little is known about the effects of
antibiotic exposure on the gut resistome. As childhood (0-5 years) represents a sensitive window of
microbiome development and a time of relatively high antibiotic use, the aims of this systematic
review were to evaluate the effects of antibiotic exposure on the gut resistome of young children
and identify knowledge gaps. We searched PubMed, Scopus, Web of Science, and the Cochrane
Central Register of Controlled Trials. A PICO framework was developed to determine eligibility
criteria. Our main outcomes were the mean or median difference in overall resistance gene load and
resistome alpha diversity by antibiotic exposure groups. Bias assessment was completed using RoB
2 and ROBINS-I with quality of evidence assessed via the GRADE criteria. From 4885 records
identified, 14 studies (3 randomized controlled trials and 11 observational studies) were included
in the qualitative review. Eight studies that included information on antibiotic exposure and overall
resistance gene load reported no or positive associations. Inconsistent associations were identified
for the nine studies that assessed resistome alpha diversity. We identified three main groups of
studies based on study design, location, participants, antibiotic exposures, and indication for
antibiotics. Overall, the quality of evidence for our main outcomes was rated low or very low,
mainly due to potential bias from the selective of reporting results and confounding. We found
evidence that antibiotic exposure is associated with changes to the overall gut resistance gene load
of children and may influence the diversity of antimicrobial resistance genes. Given the overall
quality of the studies, more research is needed to assess how antibiotics impact the resistome of
other populations. Nonetheless, this evidence indicates that the gut resistome is worthwhile to
consider for antibiotic prescribing practices.
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Introduction . . . .
resistant organisms is important, but ignores com-

mensal and possibly pathogenic organisms that
have the potential to transfer ARGs and provide

In 2019, antimicrobial resistance (AMR) was the
twelfth leading cause of death globally with

1.27 million attributed deaths," making it a rapidly-
growing problem.”> Many factors contribute to the
increasing burden of AMR including the use and
misuse of antibiotics in agriculture and humans.*”
Many studies focus on phenotypic AMR using
microbiological assays,"® but this ignores underly-
ing antimicrobial resistance genes (ARGs) in
human, animal, or environmental resistomes that
can lead to antibiotic-resistant infections.”
Likewise, information on pathogenic antibiotic-

colonization resistance to the gut microbiota.” As
there are many opportunities to mitigate these
impacts in humans including preventing transmis-
sion and selection of ARGs through hospital and
community spread,’ encouraging vaccination to
decrease direct and indirect infection to resistant
organisms,” delaying antibiotic prescribing in favor
of watchful waiting,'’ and developing new micro-
biome-based therapeutics that can prevent the
recurrence of antibiotic-resistant infections,"’
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measuring the collection of all ARGs in microbial
communities (resistomes) is crucial.

The largest reservoir for ARGs in humans is
in the gut.'”> Perturbations to the gut micro-
biome have been associated with numerous
health concerns including loss of colonization
resistance,”'” an increase in potentially patho-
genic antibiotic-resistant organisms,'* and
reduced microbiome resiliency due to decreases
in strain-level diversity.'>'® Systematic litera-
ture reviews have attempted to assess the
human gut resistome,'”'® but persistent gaps
remain, including our understanding of how
perturbations lead to alterations in ARG com-
position and diversity.

As infants and young children are exposed
to more antibiotics than any other age
group,'”** children represent an important
subset of the population to understand the
impact of antibiotics on their gut microbiota
and ARGs. Predominant type and reason for
antibiotic use vary by age and population char-
acteristics but amoxicillin and azithromycin are
typically identified as the most frequently used
in young children.”>** These antibiotics work
through different mechanisms,”” but both have
been associated with changes to the gut
microbiome.”®*” Previous systematic literature
reviews have explored the effect of antibiotics
on the gut microbiome of children.”®*” Only
one systematic review has assessed the gut
resistome of children but this study only
assessed the impact of antibiotics to the gut
resistome of neonates.””> While understanding
the impact of antibiotic exposure during the
neonatal period is critical, the type, dose, dura-
tion, and indication for these antibiotic expo-
sures is not representative of children beyond
this period.

The objective of this systematic review was
to assess how early childhood antibiotic expo-
sure affects the composition and diversity of
the gut resistome. In particular, we aimed to
identify what is currently known about the
association and what gaps persist in the litera-
ture. With the growing burden of AMR, this
information can provide guidance on how to
consider the resistome in antibiotic stewardship
practices.

Methods
Protocol and registration

The protocol for this review was registered in
advance to PROSPERO [CRD42021293328]. Any
amendments to the protocol were noted in the
Supplement. We used the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses
(PRISMA) 2020 guidelines for reporting this review
(see Supplement).’*>"

Eligibility criteria

Our eligibility criteria was based on our pre-
specified Population, Intervention, Comparator,
Outcome (PICO) framework.* Specifically, we
only included reports that focused on children
under 5 years, had clear indication of direct sys-
temic antibiotic exposure to the child, and included
children that had a comparator or control group of
children that had fewer (or zero) instances of anti-
biotic exposure. To ensure that our outcomes of
interest could have been measured in the study, we
only included studies that used non-culturable
approaches to study antimicrobial resistance (e.g.,
whole metagenomic sequencing or qPCR).
Additionally, we wanted the studies to truly be
defined as resistome-wide studies so we required
atleast 10 ARGs to be profiled and excluded studies
that only profiled phenotypic resistance in isolates.
While the definition of the human gut resistome is
fluid, a recent systematic review identified the mini-
mum number of ARGs in a resistome study as 10."”
Reports with insufficient data on the exposure and
outcomes of interest were excluded. Reports that
did not directly report on the exposure and out-
comes of interest but had sufficient individual-level
metadata to assess both were included with re-
analyzed data. We only considered randomized
controlled trials and observational studies that (1)
could clearly demonstrate that the exposure pre-
ceded the measurement of the resistome and (2)
included a comparator group.

Information sources and search strategy

We searched for records in PubMed (MEDLINE),
Scopus, Web of Science, and the Cochrane Central
Register of Controlled Trials. Only records that



were available on or after January 1, 2000 were
included based on related systematic reviews
using this cutoff."®*? Likewise, “resistome” was
not used in scientific literature before 2006, so,
to reduce the number of studies only assessing
a subset of ARGs in the resistome but not exclude
resistome-type studies published before 2006, the
cutoff of 2000 was used as a conservative restric-
tion. Only papers written in English were included
due to resource limitations. In addition to the gen-
eral search, RML manually reviewed references of
included reports for additional research articles to
include. One research article was added per sugges-
tion during peer review.

The search strategy for each database was drafted
by RML with consultation and peer review by
librarians from the Dartmouth Biomedical
Libraries (see Supplement). Our search strategy
included a combination of our population (e.g.,
infants and children), outcome (e.g., resistance
and resistome), and study system (e.g., gut and
stool). Since our exposure of interest (antibiotics)
is frequently intertwined with keywords used for
our outcome, we chose a more conservative search
strategy that did not directly include a search of
antibiotics.

Data extraction and risk of bias assessment

RML conducted the search of all databases on
November 15, 2021 and extracted the information
to Zotero to remove duplicates and records with
any retraction notices.”* Entries were uploaded to
Rayyan to manage data and remove any further
duplicates.”® Rayyan is a web-based tool that
enables independent screening and decision-
making on record inclusion or exclusion. Two
independent reviewers (RML and either DBK, JL,
or HCW) completed all rounds of screening and
eligibility assessment. Titles and abstracts were
screened in Rayyan. Full-text of articles eligible
for inclusion were uploaded to shared Zotero
groups and independently reviewed for inclusion
in Rayyan.

Data from all research articles were extracted
separately by two independent reviewers (RML
and either DBK, JL, or HCW) using a piloted stan-
dardized template (see Supplement) derived from
The Cochrane Collaboration.’® Data extracted
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included general information on study design,
total number of participants, ages of participants
at the exposure and outcome measurement, setting,
details on the exposure and outcome measurement,
and covariate information. Information related to
the bias assessment including method of recruit-
ment and inclusion/exclusion criteria were also
captured. Reports (e.g., abstracts, commentaries,
and clinical trial information) from included stu-
dies were assessed in combination with research
articles.

Risk of bias assessments were completed by RML
and a second reviewer (DBK, JL, or HCW) inde-
pendently in conjunction with the data extraction.
Randomized controlled trial and observational
study potential bias were assessed using different
tools. Randomized controlled trials, including clus-
ter-randomized trials, utilized risk-of-bias (RoB 2)
to assess potential study-level bias due to randomi-
zation, deviation from intended interventions,
missing outcome data, measurement of the out-
come, and selective reporting of results.’’
Observational studies were assessed using the Risk
of Bias in Non-randomized Studies - of
Interventions (ROBINS-I) tool, which assesses pos-
sible study-level bias due to confounding, selection
bias, intervention classification, deviations from
intended intervention usage, missing data, mea-
surement of the outcome, and selective reporting
of results.’”® Some amendments to the ROBINS-I
criteria were made to better capture biases inherent
in resistome studies (see Supplement). Google
Forms derived from the original bias assessment
templates for each tool were utilized. After review-
ing all articles, a joint meeting among RML, DBK,
JL, and HCW was used to confirm relative bias
assessment levels across both observational studies
and randomized controlled trials. The robvis web
platform was used to create stop-light figures.”

For studies that had multiple research articles,
data extraction, and risk of bias assessment were
completed separately for each research article. If
studies had multiple reports of the same outcomes
from different time points before 5 years of life, all
outcomes were reported in the Tables. Any discre-
pancies or disagreements were discussed between
RML and the second reviewing author. In situa-
tions where no decision was reached, disagree-
ments were resolved by AGH. None of the
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reviewers were blinded to the journal titles, study
authors, or author affiliations. All data extraction
forms, bias assessments, instructions, and addi-
tional comments were available on the Google
Drive shared with all authors.

Main outcomes and synthesis measures

Our primary outcomes of interest were overall gene
resistance load and alpha diversity of the resistome
with a secondary priority of extracting ARG pre-
sence and absence data. Mean or median difference
between antibiotic exposure groups for both our
primary metrics (as defined by each study) were
the effect measures prioritized and studies were
only included in summary of findings tables if one
of these metrics could be derived. Overall resistance
gene load was defined as the reported relative abun-
dance of antimicrobial resistance genes in a given
sample, but exact quantification varied by study
(see Table 2). Richness was prioritized over other
alpha diversity metrics post hoc due to the avail-
ability of richness data compared to other metrics
of alpha diversity in studies. Any information about
these measures, certainty around the estimate, and
statistical significance were included. Associations
between any type of systemic antibiotic and these
outcomes were considered. In instances where re-
analysis of the data was required to simultaneously
measure the exposure and outcome of interest,
RML re-analyzed the data using the following
criteria:

(1) If a study had sufficient individual-level anti-
biotic exposure and ARG data to assess over-
all resistance gene load and alpha diversity by
antibiotic exposure group, re-analysis was
performed on these datasets using R version
3.6.0.*” To assess the exposure and outcomes
of interest, a fixed linear regression model
adjusted for the day of sample collection
was used. Only one stool sample per child
was included in any re-analysis. Samples col-
lected from the window directly following the
study’s classification of the antibiotic expo-
sure window were prioritized to best reflect
the direct effects of antibiotic exposure.

(2) If either of these outcome variables were
available by antibiotic exposure groups but

had to be extracted from data tables, data
from these tables was summed or combined
to assess the outcome by group.

(3) If either of these outcome variables were
available by antibiotic exposure groups but
had to be extracted from Figures, data
extraction from Figures was completed
using WebPlotDigitizer (https://automeris.
io/WebPlotDigitizer/).

All re-analysis of data from individual studies
was documented in Table S1 and in the accompa-
nying R code. Since we had a reduced level of
granularity and significant heterogeneity across
studies, we were not able to perform a formal meta-
analysis on these data per protocol.

Quality of evidence

Strength of evidence for each outcome was assessed
based on the main components of the Grading of
Recommendations Assessment, Development and
Evaluation (GRADE) methodology, which assesses
risk of bias, consistency of the effect, imprecision,
indirectness, and other bias (see Supplement).””
Since this systematic review consisted of a mixture
of randomized controlled trials and observational
studies, the quality of evidence for studies started as
Low per GRADE protocol but different factors were
used to downgrade or upgrade the quality of
evidence.”!

Results
Overview of included studies

From our initial search, we identified 4877 records
and assessed the full-texts of 119 for eligibility
(Figure 1). Additionally, we assessed seven records
as independent research articles via reference
searching of full-text articles that were included.
A research article was added during the peer review
process that was not published during our initial
search. Reports were most often excluded due to:
a lack of child antibiotic exposure or comparison
group (n = 28), outcomes of interest not reported
(n = 22) or did not meet our eligibility require-
ments for the participant population for this review
(n = 15). Information regarding each full-text
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Identification of studies via databases and registers

GUT MICROBES (&) €2120743-9

Identification of research articles via other methods

—
. . Records identified for possible
- Records 1dcnllﬁfd ﬁ‘f)m: Records removed before screening: |nc.lus|on as an independent research
2 Ptylecd v(r{ =915) Duplicate records removed via article:
E Web of Science (n = 1381) - Zotero (n = 1695) Reference searching (n = 7)
2 i > ) .
<) Sf‘)p”’ (n . 2453) Duplicate records removed via Peer reviewer suggested (n = 1)
5 Cochrane Central Register of Rayyan (n = 14)
= Controlled Trials (n = 128) Records removed due to
retraction notices (n = 2)
— i
Records screened Records excluded
—
(n=3,166) (n=3046)
L A4
Reports sought for retrieval »| Reports not retrieved thptl))ﬂl\ assessed for Reports not
(n=120) » =1 eligibility retrieved
g n=38) (n=0)
=
: l
Z Reports excluded (n = 97):
R Cross-sectional/ pooled analysis (n = 9) N Reports excluded:
Reports assessed for eligibility > Editorial or review (n = 6) ch_m‘ts sought for > F Cross-sectional/ pooled
(n=119) Abstract only (n=1) retrieval analysis (n = 2)
Incorrect population (n = 15) (n=7) Outcomes of interest not
Child antibiotic exposure not measured or no comparison measured (n = 2)
group (n=28)
Limited exposure-outcome of interest information
reported (n = 9)
Outcomes measured but not yet reported (n = 7)
A, Outcomes of interest not measured (n = 22)
Reports eligible for the review:
= (n=25)
= Research articles eligible for the review:
= =2
= (n=20)
= Studies included in review:
(n=14)

)
Adapted from: Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 2021;372:n71. doi:

10.1136/bmj.n71. For more information, visit: http://www.prisma-statement.org,

Figure 1. PRISMA 2020 flow diagram for new systematic reviews which included searches of databases, registers, and other sources.

report’s inclusion or exclusion is available in Table
§2. Ultimately, 25 reports were included in this
systematic review spanning 14 independent studies
(Table 1).

Of the 14 independent studies, three
were randomized controlled trials and 11
48,59-67 \were observational studies. The sample sizes
across studies varied widely, with many reports tak-
ing repeated samples from the same
participants.' !>+ 46-48,60.61.63.64 There were sev-
eral reports'>*34540:48:606166 that had less than 50
participants with eligible resistome data with only
a few studies capturing resistome data from over 100
participants.*"#2#+°2°786% A]] the studies consid-
ered beta-lactam antibiotics except for the
MORDOR Study*"***”*® which focused on antibio-
tic exposure to azithromycin and a study focused on
evaluating the adverse effects of cotrimoxazole
among HIV-exposed uninfected infants.*>>> All stu-
dies utilized short-read sequencing technology (e.g.,
[Mlumina HiSeq or NextSeq) or qPCR as opposed to
long-read sequencing (e.g., HiFi sequencing).
Different ARG databases for shotgun metagenomics
were used across studies with CARD the most fre-
quently used,"*">***7*% followed, respectively, by
MEGARes, 4252575864 Rocfams 144763 ARG.

40-42,52,55,57,58
14,15,43-

ANNOT,®® ARDB,”® CosmosID,”® PARFuMS,®!
and the NCBI AMR database.*®

Overall resistance gene load

We identified eight studies'***"** with available

mean or median overall resistance gene load by
antibiotic exposure group data. Consistently, these
studies found that there was either no difference or
a statistically significant increase in overall resis-
tance gene load between children classified as anti-
biotic exposed versus unexposed (Table 2).
Children in the MORDOR Study were exposed to
bi-annual azithromycin or placebo and followed for
60 months.*"*>*”>® While the MORDOR Study did
not report overall resistance gene load outcomes, at
both the 36 and 48 month time point, multiple
resistance determinant (defined based on having
a gene fraction greater than 80%)** classes other
than macrolides determinants were increased
including beta-lactams and sulfonamides.*
Likewise, at these time points, all the mean resis-
tance loads for each determinant, even if not
statistically significantly different between groups,
were increased in the azithromycin-exposed
group.*> However, by 60 months there was no
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evidence that non-macrolide resistance determi-
nants were different between groups.*’ In total,
these data suggest that antibiotic exposure is cap-
able of causing collateral changes to the resistome,
but these changes may only occur in a subset of
children and may vary by frequency and timing of
exposures. Considering these factors, we gave this
outcome a Low quality of evidence value (see
Supplement).

Alpha diversity of ARGs

. . 14,40,44,47,48,52,59,64,66
There were nine studies that

assessed alpha diversity or richness by antibiotic
exposure (Table 3).

The two randomized controlled trials that eval-
uated richness identified children exposed to
amoxicillin® or cotrimoxazole*®>* both had statis-
tically significant increases in the number of unique
ARGs in antibiotic treated children compared to
the unexposed or placebo group. In contrast, obser-
vational studies in populations of generally healthy
infants born predominantly at term exposed to
greater quantities of antibiotics had a statistically
significant but only slight increase in ARG richness
at 1 month,”* approximately the same number of
resistance gene types,***>* or a decreased richness
of ARGs."* While these results are discrepant, they
are likely a reflection of the underlying population
characteristics and microbial composition.
A “central dogma” of the gut microbiome field is
that participants that have a higher microbial alpha
diversity or greater strain variation are better able
to respond to perturbations.'® Since the resistome is
interconnected with the gut microbiome,'***%®
results for resistome alpha diversity are likely
related. For instance, in Gasparrini et al.'* out of
54 metagenomes with high resistance loads, 41
(76%) were dominated by a single species.
Escherichia coli was the most frequently identified
dominant species, but other dominant species
included Enterococcus faecalis, and Klebsiella pneu-
moniae. They found alpha diversity was statistically
significantly lower among children with early and
subsequent antibiotic exposure compared to near-
term children unexposed to antibiotics. Meanwhile,
Li et al.** also found that E. coli abundance con-
tributed to the resistome profile, but at a smaller
abundance per sample. No difference in ARG

richness was noted between exposed and unex-
posed infants. Thus, not only which microbes are
present, but their relative abundance in a given
population is likely to be a main driver of the
heterogeneous findings.

Studies separated into 3 groups

While there was much heterogeneity across studies
included, we identified three main categories
defined by study design, participants, country, and
antibiotic exposure (Table 4). These groups were
used to summarize our findings for outcomes of
interest and identify gaps in the literature.

The studies in the first group*®**°>°"% yyere
randomized controlled trials that had the aim of
assessing whether prophylactic antibiotic exposure
to prevent infection or reduce malnutrition affects
the gut resistome. Two of the studies were focused at
the individual level,">>*>>> while the unit of analysis
for the MORDOR Study was at the grappe or village
level.*"**°”°® Across these studies, there was evi-
dence suggesting that azithromycin or cotrimoxa-
zole
exposure was associated with increased prevalence of
associated ARGs. In the ARMCA Study,”* >* macro-
lide ARG prevalence was 87.1% in children exposed
to azithromycin compared to 33.3% in the control
group. Similarly, macrolide ARG prevalence was
68.0% in communities exposed to azithromycin
compared to 46.7% in the placebo-controlled com-
munities at 24 months in the MORDOR Study.”” For
cotrimoxazole, in the ARMCA Study,”>>* the risk
ratios comparing exposed and unexposed children
for both sulfonamide and trimethoprim resistance
genes were significant [sulfonamide: 8.83 (95% CI:
1.01-77.0) and trimethoprim: 3.29 (95% CI: 1.08 to
9.95)]. Similarly, dfr and sul resistance gene richness
for exposed infants was greater than in unexposed
infants  (mixed effects linear regression
p-value = 0.016). The studies also support the notion
that antibiotics affect ARGs beyond those conferred
by the antibiotic but likely not to the same extent.
Specifically, in the MORDOR Study, they found that
beta-lactam resistance gene determinants were
increased by a factor difference of 2.13 (95% CI:
1.33-4.02) and 1.98 (95% CI: 1.10-4.57) at 36 and
48 months*” respectively but did not differ by expo-
sure group at 60 months.*' Neither the prevalence of
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Domains:

D1: Bias arising from the randomization process.

Risk of bias domains

D2: Bias due to deviations from intended intervention.

D3: Bias due to missing outcome data.
D4: Bias in measurement of the outcome.
D5: Bias in selection of the reported result.
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Figure 2. Assessment of potential bias sources for included a) randomized controlled trials and b) observational studies. Randomized
controlled trials were assessed using the RoB 2 tool while observational studies were assessed using ROBINS-I.

these resistance determinants nor other non-
macrolide determinants differed at 24 months.””®
Similarly, none of the antibiotics assessed in the
ARMCA Study’*>™* resulted in a prevalence differ-
ence in beta-lactam resistance genes but both amox-
icillin and azithromycin exposure were associated
with increased prevalence of sulfonamide resistance
genes [risk ratio for amoxicillin: 15.3 (95% CI: 1.80-
129.1) and azithromycin: 16.0 (95% CI 1.91-133.5)]
in children 6-59 months of age.

The second group'>***®>>010% a55essed the
effects of antibiotic exposures primarily for

common infections, such as clinical concerns
requiring antibiotics in the first week of life,*>***
respiratory illnesses,'™”” and otitis media
afflicting children under 3. All but one®' of the
reports were jointly interested in the impacts of
multiple early life factors in addition to direct anti-
biotic exposure including delivery method,'>**>*%*
maternal antibiotic exposures,** *>>>%* the child’s
diet,'>***>%*  and  other  environmental
exposures.**** Multiple studies also profiled the
maternal microbiome with the goal of understand-
ing if antibiotic exposure modifies vertical transfer

15,59



of microbes or ARGs.*>*>>®! All studies included
infants up to 1 year of age and only one study had
information on children 1-3 years of age."
Compared to studies from the other groups, we
found evidence that the resistome of children in
this group is less sensitive to the effects of antibiotic
exposure. These main findings are discussed in
Yassour et al.'> and Moore et al.°" and is evidenced
by the null effects of antibiotic exposure on overall
resistance gene load and alpha diversity as noted in
other studies.**"*>>* However, while overall resis-
tome outcomes may only be moderately impacted
by antibiotic exposure, antibiotic exposure can still
impact individual ARGs via alterations to microbial
composition. As identified in Yassour et al.,'> cer-
tain ARGs on chromosomes may peak in abun-
dance directly after antibiotic exposure and then
decline, while some ARGs on mobile genetic ele-
ments persist long after antibiotic exposure. The
authors found that the abundance changes of
ARGs on chromosomes was correlated to the abun-
dance of species, such as E. coli, Klebsiella pneumo-
niae, and Ruminococcus gnavus. This agrees with Li
X. et al.** which found E. coli to describe the resis-
tome pattern and the larger literature®® "’
suggesting E. coli abundance has a major influence
on ARG abundance in infants from generally
healthy children cohorts.
The last group of studies
broad aim of understanding how early life antibiotic
exposures impact the gut resistome of children born
prematurely or with extended exposure to the
Neonatal Intensive Care Unit (NICU). Only
Gasparrini et al.'* evaluated children beyond
4 months with the focus primarily on antibiotic
exposures occurring during early life hospitalization.
This was also the only study to compare the resis-
tome of preterm infants to near-term infants.'*
Hourigan et al.® attempted to separate the effects
of hospitalization and antibiotic exposure, but iden-
tified that both components impacted the abundance
of ARGs. Compared to studies in Group 2, the
children in Group 3 studies have resistome composi-
tions more sensitive to antibiotic exposure. The
overall resistance gene load was increased'**>*” in
children exposed to any or multiple antibiotic expo-
sures compared to unexposed infants with specific
ARGs differentially abundant in antibiotic-exposed
children.®®®>® Interestingly, studies in this set

14,43,47,60,62,63,66 had the
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looking at richness'**”*® found an inverse associa-
tion between antibiotic exposure and ARG richness.
Similarly to studies in other groups, changes to gut
microbiota impacted the resistome'®*”%*® with
multiple studies noting that species dominance (i.e.,
the species comprises >50% of the sample) was an
important factor in resistome composition.14’63 00
In addition to the three main groups of studies,
Thanert et al.*® was focused on children with sur-
gically induced short bowel syndrome (SBS) mak-
ing it distinct from other studies. Neither overall
resistance gene load or alpha diversity of ARGs
differed among children exposed or unexposed to
antibiotics in the previous month in this study.

Potential sources of bias in included studies

Our bias assessment revealed some potential sources
of bias from all included studies related to their
assessment of antibiotic exposure and the resistome
(Figure 2 and Table S3). The predominant potential
bias identified was bias due to the selective reporting
of results, which was heavily affected by lack of
publicly available protocols or statistical analysis
plans for observational studies. While we amended
the ROBINS-I guidelines for observational studies to
account for particular challenges facing resistome
studies including widespread unmeasured intra-
and inter-individual variation (see Supplement),
among observational studies, most studies presented
potential for unmeasured confounding of the asso-
ciation between antibiotic exposures and the resis-
tome. Likewise, while all studies measured the same
ARGs across antibiotic exposed and unexposed chil-
dren, some studies took samples at a different
45,46,66 14,15,48,63

time, or more frequently, in antibiotic

exposed children.

Discussion

While antibiotic exposures are known to have unin-
tended side effects, limited prior research has assessed
the impact of antibiotics on the gut resistome. As
children are frequently exposed to antibiotics and
childhood represents a sensitive window of micro-
biome development, it is necessary for researchers to
study the effects of antibiotic exposure on the gut
resistome to create better antibiotic stewardship
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guidelines. The objectives of this systematic review
were to highlight the known impact of antibiotics on
the gut resistome of young children, compare
heterogeneity across study findings, identify current
gaps in the field, and reveal potential bias across
studies.

We found evidence that antibiotics frequently but
not always impact the gut resistome of young children.
These results are likely affected by the differences in
the half-lives, dose, duration, and mechanism of action
of the antibiotic exposure(s).”" Studies that assessed
the effect of antibiotics on the overall resistance gene
load found either no association*******” or a positive
association.'**%*>*> Results for richness or alpha
diversity were inconsistent with studies identifying
that antibiotics led to a decreased" or
increased*®*>** alpha diversity of ARGs while other
studies identified no statistically significant
association***>*4% ywith some variation by time
points measured. These results are similar to
a systematic review that found antibiotics impact
microbial diversity inconsistently depending on the
antibiotic exposure and population.*® While this sys-
tematic review did not prioritize abundance changes
of individual or classes of ARGs due to heterogeneity
in reference databases and metrics used to assess indi-
vidual ARGs, future research is needed to establish
how these overall resistome changes translate to spe-
cific antibiotic-resistant organisms.

In this systematic literature review, we identified
three main groups of studies. These groups represent
significantly different populations with distinct disease
burdens and indications for antibiotic exposures.
Results for our main outcomes differed by study
group, but it’s worthwhile to mention that likely the
strongest evidence that antibiotics impact the resis-
tome come from the Group 1 studies due to the
combination of randomization and direct observation
of antibiotic exposures. Regardless, in crafting resis-
tome-conscious antibiotic stewardship practices,
a focused assessment of children from each population
will likely offer the most opportunities for impact. This
is an especially important consideration for studies
that did not assess prophylactic antibiotic exposure
that may be affected by confounding by indication
(i.e., the effect of the antibiotic vs. the effect of the
infection).”>”> Beyond these study groupings, there is
a dearth of knowledge available to evaluate if antibio-
tics impact the gut resistome in young children.

Additional studies assessing associations in popula-
tions from additional georgraphies and with varying
diseases or disease risks (e.g., type I diabetes, irritable
bowel disease, and cystic fibrosis) may help clarify the
overall effects of antibiotics to the child gut resistome.

While this systematic review was able to expose the
impact of antibiotics on the gut resistome of young
children, assesses potential biases in the field, and
identify gaps in the literature, there were some limita-
tions. One primary limitation we noted was the lack of
consistency in reported information for both the
exposure and outcomes of interest. This heterogeneity
prevented formal meta-analysis of the data. Even with-
out formal meta-analysis, we were able to identify
consistent trends in the association for overall resis-
tance gene load and different resistome alpha diversity
trends by study grouping. This heterogeneity and lack
of standardization in the microbiome and resistome
field is an ongoing concern,”* but guidelines, such as
the STORMS checklist” could be beneficial. An addi-
tional limitation of this study was that we only used
publicly available data. This decision was made as we
felt that our goals were not oriented to quantify an
exact metric for our outcomes. However, this did have
an impact on our bias assessment. In particular, based
on ROBINS-I criteria, many observational studies
received a “Serious” categorization for potential bias
due to selective reporting as many had no publicly
available protocol. While there is certainly potential
for much bias based on not having an advanced pro-
tocol, it’s worthwhile to emphasize that potential does
not necessary equate to actualized bias. An individual-
level meta-analysis of antibiotic and resistome data
pulled from a database of studies that is able to stan-
dardize and normalize metrics would provide a better
quantitative measurement with less potential bias.”
Another limitation of this systematic review is that it
did not focus on the abundance of individual ARGs
nor ARG classes. As antibiotic exposure is likely to
have heterogeneous effects on different ARGs, not all
ARGs confer the same risk of leading to an antibiotic-
resistant infection,” and there are variable definitions
of the number of ARGs that define the resistome,"”
additional systematic reviews could help disentangle
the impact of antibiotics on specific components of the
resistome of young children. Lastly, we did not con-
duct a formal publication bias analysis per protocol,
but there is evidence that this could be a concern. In
particular, nine studies were excluded from our



systematic review due to limited information tying the
exposure and outcome of interest for this systematic
review together.*®””~** For these studies, we also could
not identify publicly available individual-level data for
re-analysis. Some studies likely did not focus on the
association between antibiotic exposure and resistome
outcomes due to a small sample size among antibiotic
exposed children®®**** and thus would not have been
powered to conduct a significant analysis. Without
knowledge of protocols set in advance of data analysis,
it’s unclear if other studies focused on antibiotic expo-
sure due to a lack of association identified or because
the authors prioritized assessing other exposure-
outcome associations. Additional studies may clarify
the associations discussed in this review, as we identi-
fied five clinical trials®*~*’ that are planning to incor-
porate information on the exposure and outcome of
interest.

Conclusion

This systematic review found clear evidence that
antibiotics impact the gut resistome of young chil-
dren, but that additional studies are needed to
evaluate the duration and extent. Potential bias
across these studies is high with selective reporting
of results and confounding major concerns that
contributed to low confidence in the quality of
quantitative evidence in this review. Additional
studies in the field could help identify ideal anti-
biotic stewardship practices that consider the het-
erogeneity of the resistome in every population.
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