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Gut Resistome after Antibiotics among Children with Uncomplicated Severe Acute Malnutrition:

A Randomized Controlled Trial

Catherine E. Oldenburg,’%3* Armin Hinterwirth," Millogo Ourohiré,* Clarisse Dah,* Moussa Ouédraogo,* Ali Sié,*
Valentin Boudo,* Cindi Chen,! Kevin Ruder, Lina Zhong,' Elodie Lebas,! Fanice Nyatigo,’ Benjamin F. Arnold, -2
Kieran S. O'Brien,"? and Thuy Doan,2

Francis | Proctor Foundation, University of California, San Francisco, California; 2Departmem‘ of Ophthalmology, University of California,
San Francisco, California; Department of Epidemiology and Biostatistics, University of California, San Francisco, California; “Centre de
Recherche en Santé de Nouna, Nouna, Burkina Faso

Abstract. A broad-spectrum antibiotic, typically amoxicillin, is included in many country guidelines as part of the
management of uncomplicated severe acute malnutrition (SAM) in children without overt clinical symptoms of infection.
Alternative antibiotics may be beneficial for children with SAM without increasing selection for beta-lactam resistance. We
conducted a 1:1 randomized controlled trial of single dose azithromycin versus a 7-day course of amoxicillin for SAM. Chil-
dren 6-59 months of age with uncomplicated SAM (mid-upper arm circumference < 11.5 cm and/or weight-for-height
Z-score < —3) were enrolled in Boromo District, Burkina Faso, from June through October 2020. Rectal swabs were col-
lected at baseline and 8 weeks after treatment and processed using DNA-Seq. We compared the resistome at the class
level in children randomized to azithromycin compared with amoxicillin. We found no evidence of a difference in the distri-
bution of genetic antibiotic resistance determinants to any antibiotic class 8 weeks after treatment. There was no difference
in genetic macrolide resistance determinants (65% azithromycin, 65% placebo, odds ratio, OR, 1.00, 95% confidence
interval, Cl, 0.43-2.34) or beta-lactam resistance determinants (82% azithromycin, 83% amoxicillin, OR 0.94, 95% ClI,
0.33-2.68) at 8 weeks. Although presence of genetic antibiotic resistance determinants to macrolides and beta-lactams
was common, we found no evidence of a difference in the gut resistome 8 weeks after treatment. If there are earlier effects

of antibiotics on selection for genetic antibiotic resistance determinants, the resistome may normalize by 8 weeks.

INTRODUCTION

The WHO recommends a broad-spectrum antibiotic as
part of the care package for outpatient management of
uncomplicated severe acute malnutrition (SAM)." Children
with uncomplicated SAM by definition do not have clinical
signs of infection. However, malnutrition can suppress the
immune system and mask clinical signs of infection, and
infectious disease and mortality is common in children with
SAM.23 Although many country guidelines recommend the
use of amoxicillin for uncomplicated SAM, randomized con-
trolled trials have found mixed evidence of its efficacy.*®
Antibiotic use selects for antibiotic resistance,®” and unnec-
essary antibiotic use as part of uncomplicated SAM man-
agement could be contributing to rising antibiotic resistance
in regions where SAM is common.

We conducted a randomized controlled trial evaluating
azithromycin versus amoxicillin as part of outpatient SAM
management.®® As part of the trial, we collected rectal
swabs in a random subset of enrolled children for assess-
ment of the gut resistome, which is defined as the collection
of antibiotic resistance genes in a given environment.'
Here, we report resistome outcomes in children being man-
aged for uncomplicated SAM receiving azithromycin com-
pared with amoxicillin.

METHODS

Study setting and participants. Participants were
enrolled in six Centres de Santé et de Promotion Sociale
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(CSPS) in Boromo District, Burkina Faso. Participants were
enrolled between June and October 2020 and the final
follow-up visit was in December 2020. Participants were fol-
lowed for 8 weeks as part of the trial. CSPS are
government-run primary healthcare facilities that provide
basic preventative and curative care and include an outpa-
tient nutritional program to provide care for uncomplicated
SAM. Study enrollment sites were rural. The study area
experiences seasonal food insecurity from approximately
August through October prior to the annual harvest. Partic-
ipants were recruited via community-based screening based
on mid-upper arm circumference (MUAC) or during weekly
outpatient screening at the CSPS through the nutritional pro-
gram. Children were eligible for inclusion in the trial if they
were 6-59 months of age, had a MUAC < 11.5 cm, and/or
weight-for-height Z-score (WHZ) < —3, had not been admit-
ted to a nutritional program for SAM in the previous 14 days,
had no antibiotic use in the previous 7 days, had no clinical
complications requiring inpatient care or antibiotic treat-
ment, had sufficient appetite according to a feeding test with
ready-to-use therapeutic food (RUTF), had no reported aller-
gies to macrolides or azalides, had no congenital abnormali-
ties that would lead to growth faltering, and were planning to
stay in the study area for the full 8-week study period.

Trial design. Complete methods for the trial have been
previously reported.® The study was reviewed and approved
by the Comité Institutionnel d’Ethique in Nouna, Burkina
Faso, and the Institutional Review Board at the University of
California, San Francisco. Written informed consent was
obtained from the caregivers of all included participants.
Eligible participants were randomized in a 1:1 fashion to a
single, oral 20 mg/kg dose of azithromycin (Azithrin oral sus-
pension 200 mg/5 mL, Strides Shashun Ltd., Bangalore,
India) or a 7-day course of amoxicillin (80 mg/kg divided into
two daily doses, Amoxicillin syrup, 250 mg/5 mL, Reyoung
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Pharmaceutical, Shandong, China) per national guidelines.
Personnel at the enrollment facility administered and directly
observed the first dose of amoxicillin and the dose of azith-
romycin. For participants in the amoxicillin arm, caregivers
administered all remaining doses. Adherence to additional
doses of amoxicillin was not monitored. All medications
were prepared as pediatric oral suspension.

A random sample of approximately one-third of children
enrolled in the parent trial was selected for inclusion in the
resistance study, which involved collection of a rectal swab
at baseline and 8 weeks from enrollment. At baseline, the
study’s mobile data collection application randomly showed
the interviewer if the child was selected for the swab study,
and if so, the caregiver was offered participation. The same
child was sampled at baseline and 8 weeks. Rectal samples
were immediately placed in DNA/RNA Shield (Zymo
Research, Irvine, CA) and transported to the laboratory in
Nouna, Burkina Faso, where they were stored at —80°C until
they were shipped to the United States for processing.

Laboratory methods. Deoxyribonucleic acid was ex-
tracted using the ZymoBIOMICS DNA/RNA miniprep kit
(Zymo Research, Irvine, CA) per manufacturer’s instructions.
Double-stranded DNA was fragmented, size selected, and
converted to lllumina libraries using the NEBNext Ultra Il
DNA Library Prep Kit (E7645) per manufacturer’s recommen-
dations and amplified with 11 polymerase chain reaction
(PCR) cycles. Samples were sequenced on the lllumina
NovaSeq 6000 using 150-nucleotide paired-end sequenc-
ing. Human reads were removed as previously described.'?
Nonhost read pairs were aligned to the MEGARes reference
antimicrobial database using Burrows-Wheeler alignment
with default settings.'® Only antimicrobial resistance deter-
minants (ARDs) with a gene fraction of > 80% were identi-
fied as present in a sample to reduce false-positive ARD
identification. Each ARD was classified at the class level,
and a sample was determined to be resistant if even one
ARD was detected.

Sample size. The sample size was determined based on
the trial’s primary aim as a pilot study to evaluate azithromy-
cin versus amoxicillin for weight gain in children with uncom-
plicated SAM.® A sample size of 50 children per arm (100
total) was chosen for the resistome outcome for feasibility
and resource-related reasons. Assuming a prevalence of
macrolide resistance of 65% in the amoxicillin arm, a sample
size of 50 children per arm had approximately 80% power to
detect a 30% absolute difference in the prevalence of
genetic macrolide resistance determinants between arms.

Statistical methods. We evaluated the prevalence of
ARDs at the class level at 8 weeks in children receiving azith-
romycin compared with amoxicillin using unadjusted logistic
regression models with a term for randomized treatment
group as the sole predictor. We compared the normalized
abundance of resistance reads to macrolides, beta-lactams,
and other antibiotic classes in children receiving azithromy-
cin compared with amoxicillin using linear regression models
adjusted for the baseline normalized reads to each antibiotic
class. P values were adjusted for the false discovery rate
(FDR) to account for multiple comparisons. As a post-hoc
analysis, we compared mean normalized reads to macrolide
genetic resistance determinants between baseline and
8 weeks in the azithromycin arm and beta-lactam resistance
determinants in the amoxicillin arm between baseline and

8 weeks using a paired t test to evaluate within-arm changes
over time in reads. All analyses were conducted in R (The R
Foundation for Statistical Computing, Vienna, Austria).

RESULTS

Of 301 children enrolled in the trial, 109 (36%) were ran-
domly selected for inclusion in the resistance study, of
whom 55 were in the azithromycin group and 54 were in the
amoxicillin group (Figure 1). Among children enrolled in the
resistance study, baseline characteristics were well bal-
anced between arms (Table 1). Children were a median of
15 and 14 months and 58% and 52% were female in the
azithromycin and amoxicillin arms, respectively. Baseline
anthropometric measures were similar between the two arms.
Children had a median MUAC of 11.3 cm and mean WHZ of
—3.1 SD at baseline, which was similar to the full study popu-
lation.2 At baseline, more than half of samples had genetic
macrolide resistance determinants (azithromycin: 60%;
amoxicillin: 54%) and the majority of samples had genetic
beta-lactam resistance determinants (azithromycin: 89%,
amoxicillin: 81%; Supplemental Table 1). Of children enrolled
in the swab sub-study, six (11%) were lost to follow-up in the
azithromycin arm and eight (15%) in the amoxicillin arm and
did not have 8-week rectal swabs collected (Figure 1).

We found no evidence of a difference at 8-week posttreat-
ment in the prevalence of ARDs in the gut in children
randomized to azithromycin versus amoxicillin. Macrolide
resistance determinants were present in 65% of samples in
the azithromycin and amoxicillin groups (odds ratio [OR]
1.00, 95% confidence interval [CI] 0.43-2.34). Beta-lactam
resistance determinants were present in 82% and 83% of
the samples in the azithromycin and amoxicillin groups (OR
0.94, 95% CI 0.70-3.56). There was no statistically signifi-
cant difference in genetic resistance determinants of any
other antibiotic class by treatment group (Table 2).

We found no significant difference in normalized read count
of genetic azithromycin determinants to any antibiotic class
after adjusting for multiple comparisons. Figure 2 shows the
number of normalized ARD reads in reads per million se-
quencing reads for macrolides and beta-lactams at baseline
and 8 weeks in the azithromycin and amoxicillin groups. In a
linear regression model adjusted for baseline normalized
ARD reads, we found no evidence of a difference in abun-
dance of genetic macrolide (mean difference 27, 95% Cl —12
to 67) or beta-lactam (mean difference —0.4, 95% CI —61 to
60) resistance determinants. There were no differences in
abundance of normalized ARD reads to other antibiotic clas-
ses after adjustment for multiple comparisons (Figure 3). We
found no evidence of a difference in abundance of normal-
ized ARD reads before and after treatment to macrolide
genetic resistance determinants in the azithromycin group
(mean difference —29 for week 8 versus baseline, 95% CI
—67 to 8, P = 0.15) or beta-lactam genetic resistance deter-
minants in the amoxicillin group (mean difference 28 for week
8 versus baseline, 95% CI —63 to 118, P = 0.54).

DISCUSSION

We found no evidence of a difference in the resistome as
defined by the prevalence of genetic ARDs in the gut of chil-
dren with uncomplicated SAM who received azithromycin
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Assessed for eligibility
N=312 children

Excluded
N=11 children

Reasons for Exclusion

A 4

v

e Recent antibiotic use: 3
e |[npatient treatment: 1

Randomized
N=301 children

e Recent admission to
nutritional program: 6

e Residence outside
catchment area: 2

* Not available for full study
period: 1

Refused
N=0 children

Allocated to azithromycin
N=161 children

Allocated to amoxicillin
N=140 children

Received allocated
treatment
N=161 children

Received allocated
treatment
N=140 children

\ 4

Children selected for rectal
swab at baseline and 8
weeks

N=55

\4

Children selected for rectal
swab at baseline and 8
weeks

N=54

Children without rectal
swabs at 8 weeks

Missing: 6
Not done: 0

Children without rectal
swabs at 8 weeks
Missing: 8
Not done: 0

Ficure 1. Screening, enroliment, and follow-up of study participants.

compared with amoxicillin 8 weeks after treatment. A
broad-spectrum antibiotic, typically amoxicillin, is included
in most country guidelines for the treatment of uncompli-
cated SAM in the absence of clinic symptoms of infection
because acute malnutrition can suppress the immune sys-
tem and mask symptoms of infection. Amoxicillin is one of
the most commonly used antibiotics for childhood infection
in Burkina Faso,'® and is routinely used in regions with a
large burden of SAM for management of pneumonia and
other common childhood infections.’®'®  Furthermore,
beta-lactam antibiotics belong to the WHO Access group of
antibiotics due to their effectiveness against a wide range of
organisms. Selection for beta-lactam resistance could
reduce the efficacy of amoxicillin for critical treatment needs.

The present study evaluated the collection of genetic anti-
biotic resistance determinants in the gut. This approach

does not provide information on phenotypic resistance in
specific organisms, and thus does not necessarily imply
functional resistance. High throughput sequencing has
advantages in that it can identify all ARD genes. In contrast,
phenotypic methods are organism-specific and PCR-based
methods are limited in the number of genes screened. Geno-
mic approaches as performed on the rectal samples in this
study are typically species-independent and thus do not
provide evidence about resistance in specific organisms, nor
do they provide information about functional resistance.'”
Genotypic resistance does not perfectly correlate with
phenotypic resistance. However, as a clinical trial outcome
(versus guidance for clinical antibiotic decision-making),
evaluation of the resistome may provide more information
efficiently on the overall impact of antibiotics on selection for
resistance compared with microbiological methods.
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TaBLE 1

Baseline characteristics by randomized treatment group among
participants in the rectal swab study

have resistance to multiple antibiotic classes, use of one
class of antibiotics could induce selection to resistant strains
to other antibiotic classes.?® The lack of difference in resis-

Azrorgysin ACHicn tome at 8 weeks may indicate that the gut resistome normal-
A - dian (QR) 15 9-23) 14 1018 izes by 8 weeks or that co-selection occurred, masking any
ge, months, median — . . . . - L
Female sex, N (%) 32 (58%) 8 (52%) differences in resistance selection for specific antibiotic
Breastfeeding, N (%) 0 (73%) 2 (78%) Classgs. . - .
Mother’s age, years, 24 (21-30) 6 (22-30) Children with acute malnutrition experience a large burden
median (IQR) of infection, and previous studies have shown that infections
MUAC, cm, median (IQR)  11.3 (11.1-11.4) 1.3 (11.2-11.4) in children with SAM are often resistant to first-line antibiot-
Wiz, mean (30) _a1a ~3109 ics.224 Rel fer r from SAM and default and
WAZ, mean (SD) ~3.4 (1.0) ~3.4(1.0) ics.>*" Relapse after recovery from S al efault a
HAZ, mean (SD) -2.3(1.3) —2.5 (1.5) readmission to SAM therapeutic feeding programs are not

HAZ = height-for-age Z-score; IQR = interquartile range; MUAC = mid-upper arm
circumference; SD = standard deviation; WAZ = weight-for-age Z-score; WHZ = weight-for-
height Z-score.

Azithromycin has recently been shown to reduce all-cause
childhood mortality when mass distributed to children aged
1-59 months in some settings with high childhood mortality
in sub-Saharan Africa,'® with the strongest effects in young
infants and those who were underweight at the time of treat-
ment."® Surveillance for antimicrobial resistance has shown
that mass azithromycin distributions select for genotypic
and phenotypic macrolide resistance, although the preva-
lence of resistance decreases once selection pressure is
removed.”?%2" Resistance selection with mass treatment
may differ from individual-level treatment. In individually ran-
domized trials of antibiotic treatment of children without
SAM, azithromycin has generally been shown to lead to
short-term selection for genetic macrolide resistance. For
example, studies have found selection for genetic macrolide
resistance determinants in the gut at 5 days after treatment
and in the nasopharynx at 28 days but not 12 months after
antibiotic exposure.'??? The present study did not include a
short-term timepoint. If azithromycin use selected for
increased macrolide resistance relative to amoxicillin in the
short term, this study could not detect it. Previous studies of
mass treatment of azithromycin have suggested that
co-selection for multiple antibiotic classes may occur with
azithromycin, including an increase in genetic beta-lactam
resistance determinants in children residing in communities
receiving azithromycin compared with placebo.?° If bacteria

uncommon.?® These children may receive frequent antibiotic
exposure if they are commonly given amoxicillin for SAM or
other indications. Prevalence of genetic beta-lactam resis-
tance determinants was high at baseline, although similar to
that observed in another trial of antibiotics in a general
population-based sample of children in Burkina Faso.'? This
may be reflective of high background amoxicillin use among
children in the study area.’®2® The degree to which selection
for genetic antibiotic resistance determinants affects antibi-
otic efficacy is unknown.

This study has several limitations. Loss to follow-up was
moderately high, with approximately 13% of children
enrolled in the swab study lost by 8 weeks and not included
in analyses. If loss to follow-up was differential with respect
to randomized treatment assignment, this could lead to bias
in estimates. The parent trial did not include a placebo arm.
Because the national guidelines in Burkina Faso for manage-
ment of uncomplicated SAM include a broad-spectrum anti-
biotic and the parent trial was a pilot trial for a full-scale
efficacy trial,® inclusion of a placebo arm in the trial was not
considered ethical. Although we did not find evidence of a
difference in antibiotic resistance determinants between
antibiotic arms, how this would compare with no antibiotic
treatment cannot be determined in this study. The amoxicil-
lin arm required twice-daily dosing for 7 days by the child’s
caregiver. We did not measure adherence to the amoxicillin
regimen in this study. If caregivers missed a substantial
number of doses, it is possible that results could have been
biased toward the null. While the trial’s exclusion criteria
excluded children who had received an antibiotic in the

TABLE 2

Proportion of participants with genetic antibiotic resistance determinants by antibiotic class by treatment group at 8 weeks
from enrollment

Azithromycin (N = 49) Amoxicillin (N = 46) Odds ratio (95% Cl) P value*
Macrolides 32 (65%) 30 (65%) 1.00 (0.43-2.34) 0.99
Beta-lactams 40 (82%) 38 (83%) 0.94 (0.33-2.68) 0.99
Fluoroquinolones 29 (59%) 22 (48%) 1.58 (0.70-3.56) 0.56
Sulfonamides 24 (49%) 14 (30%) 2.19 (0.95-5.09) 0.52
Trimethoprim 38 (78%) 26 (78%) 0.96 (0.36-2.53) 0.99
Tetracyclines 45 (92%) 40 (87%) 1.69 (0.44-6.41) 0.77
Rifampin 19 (39%) 15 (33%) 1.31 (0.56-3.04) 0.77
Aminoglycosides 31 (63%) 23 (50%) 1.72 (0.76-3.91) 0.52
Metronidazole 24 (49%) 29 (63%) 0.56 (0.25-1.28) 0.52
Aminocoumarins 10 (20%) 4 (9%) 2.69 (0.78-9.29) 0.52
Bacitracin 19 (39%) 12 (26%) 1.79 (0.75-4.30) 0.52
Fosfomycins 1(2%) 2 (4%) 0.46 (0.04-5.23) 0.77
Elfamycins 34 (69%) 27 (59%) 1.60 (0.69-3.71) 0.56
Lipopeptides 2 (4%) 1 (2%) 1.91 (0.17-21.9) 0.80
Phenicol 8 (16%) 7 (15%) 1.09 (0.36-3.28) 0.99
Glycopeptides 0 0 NA NA
Cationic peptides 30 (61%) 22 (48%) 1.72 (0.76-3.89) 0.52

* False discovery rate-adjusted P value.
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Ficure 2. Normalized reads (rM, in reads/million) of genetic macrolide (MLS) resistance determinants (A) at baseline and 8 weeks and genetic

beta-lactam resistance determinants (B) at baseline and 8 weeks.

previous 7 days, it is possible that children could have
recently (> 7 days) received an antibiotic that affected the
composition of their resistome. We did not measure recent
antibiotic exposure at baseline and therefore cannot comment
on how prior antibiotic exposure affected the resistome. How-
ever, due to the randomized nature of the intervention, prior
antibiotic exposure is not expected to bias by arm compari-
sons. Finally, data from this study arose from a pilot random-
ized controlled trial and the sample size was not large. As a
result, confidence intervals are wide for some comparisons,
indicating uncertainty.

We found no evidence of a difference in the gut resistome
among children with uncomplicated SAM receiving azithro-
mycin compared with amoxicillin. Although we hypothesized
that children receiving azithromycin would have higher preva-
lence of macrolide resistance determinants and those receiv-
ing amoxicillin would have higher prevalence of beta-lactam
resistance determinants, the prevalence of genetic antibiotic
resistance determinants to those two classes was nearly
identical between arms. The results of this study suggest that
use of an alternative antibiotic as part of the management of
uncomplicated SAM will not substantively affect the gut

Trimethoprim - —.IL
Tetracyclines C
Sulfonamides :-.-
Rifampin —IL.—
Phenicol 1 ([
Metronidazole —.1|—
Macrolides +.—
Lipopeptides 4 o
Fosfomycin A ‘
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Elfamycins A -
Cationic peptides : —_——
Beta-lactams A +
Bacitracin [ ]
Aminoglycosides 1 : — e
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Ficure 3.  Mean difference in normalized reads (in reads/million) between children receiving azithromycin compared with amoxicillin. Differences

above zero favor azithromycin; differences below zero favor amoxicillin.
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resistome in treated children. However, due to the use of
genetic resistance determinants in the current study, we are
unable to comment on whether the different antibiotic clas-
ses in the present study could have an impact on clinical out-
comes for specific pathogens. Placebo-controlled trials are
required to understand if antibiotics for uncomplicated SAM
affect the resistome compared with no antibiotics to provide
evidence of the cost-benefit balancing risk of selection for
antibiotic resistance with efficacy of antibiotics for improving
outcomes in SAM.
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