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Summary

Background Poor pregnancy and birth outcomes are common in sub-Saharan Africa and have complex aetiologies.
Sulfadoxine-pyrimethamine (SP), given for intermittent preventive therapy of malaria in pregnancy (IPTp), is one of
few existing interventions that improves outcomes of both mother and baby despite widespread SP-resistant malaria. Published onfine ot
Compelling evidence exists that malaria-independent pathways contribute to this protective effect, but the exact sour- | ps/doi.org/10.1016/j.
ces of non anti-malarial protection remained unknown. We hypothesized that the beneficial effect of SP on birth- ;511022103871
weight is mediated by SP activity on maternal factors, including increased gestational weight gain and antibiotic

activity on pathogens in the maternal gut.

eBioMedicine 2022;77:
103871

Methods Expectant mothers from a larger randomized control trial comparing the efficacy of IPTp-SP to IPTp with
dihydroartemisinin-piperaquine (DP) were also enrolled in this sub-study study at their first antenatal care visit
before commencement of IPTp (n = 105). Participants were followed monthly until delivery. Weights and mid-to-
upper-arm circumferences (MUAC) were recorded. Monthly stool samples were collected and screened for five
Escherichia coli pathotypes, Shigella spp., Vibrio cholerae, Salmonella, Campylobacter coli/jejuni, and three protozoa
(Giardia spp., Entameba histolytica, and Cryptosporidium spp.) using previously validated molecular assays.

Findings IPTp-SP vs. IPTP-DP was associated with higher maternal gestational weight gain (GWG) and nutritional
indicators (MUAC and body-mass index, BMI). GWG was found to be a mediator of the birthweight and IPTp-SP
relationship, as the birthweight of SP infants, but not DP infants, varied according to maternal GWG. The burden of
maternal enteric infections was high. The three most commonly observed pathogens were enteroaggregative E. coli
(EAEC), atypical enteropathogenic E.coli/enterohaemorrhagic E. coli (aEPEC/EHEC), and typical enteropathogenic
E.coli (tEPEC). We found that SP reduced the prevalence of EAEC in a dose-dependent manner. After 3 or more
doses, SP-recipients were 9o% less likely to be infected with EAEC compared to DP-recipients (OR,q; = 0.07,
Clg5 = 0.12, 0.39, p = 0.002). Compared to DP, this coincided with higher maternal gestational weight gain (GWG)
and nutritional indicators (MUAC and body-mass index, BMI). The beneficial effect of SP on maternal GWG,
MUAC and BMI, was lower if SP mothers had detectable EAEC, aEPEC/EHEC, tEPEC, and LT-ETEC at baseline.
Maternal EAEC and tEPEC at baseline associated with lower birthweight for babies of both SP mothers and DP
mothers. When comparing IPTp regimens, the positive effect of SP on birthweight compared to DP was only
observed for infants of women who did not test positive for EAEC at baseline (adjusted mean birthweight difference
SP vs. DP =156.0 g, CI95 =-18.0 g, 336.9 g, p = 0.08Y), though confidence intervals crossed the null.

Interpretation Our findings indicate that in pregnant Malawian women, IPTp-SP vs. IPTp-DP is consistently associ-
ated with higher MUAC, BMI, and GWG following the WHO-recommended regimen of at least 3 doses, but carriage
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of maternal gut pathogens before initiation of IPTp lessens this effect. Because GWG was a mediator of the associa-
tion between birthweight and SP, we show that SP’s previously proven positive effect on birthweight is by promoting
maternal weight gain. Overall, our results present one plausible pathway SP exerts malaria-independent protection
against poor birth outcomes in the context of its waning antimalarial activity and warrants further investigation.

Funding A full list of funding bodies that contributed to this study can be found in the Acknowledgements section.

Copyright © 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Research in context

Evidence before this study

Sulfadoxine-pyrimethamine (SP) is widely used for Intermit-
tent Preventive Therapy in pregnancy (IPTp) in countries of
sub-Saharan Africa that are endemic for malaria to improve
health outcomes of both mother and baby. Malaria para-
sites resistant to SP are now common, bringing into ques-
tion whether SP therapy in pregnancy should be
discontinued. Paradoxically, SP’s positive effects of reduced
maternal anaemia and improved birthweight have not
been diminished in areas with high rates of SP-resistant
malaria parasites. Compelling evidence now indicates that
SP has substantial non-malaria beneficial activity, including
a recent comprehensive study that quantified the non-
malaria effects of SP. Because these non-malaria pathways
of protection remain unknown, we hypothesized that the
beneficial effect of SP on birthweight is mediated by
maternal factors, such as maternal weight gain during
pregnancy, which in turn may be influenced by intestinal
pathogens.

Added value of this study

Our study is the first step in elucidating that the
observed benefits of SP on pregnant women and their
babies is mediated by a promotion of maternal weight
gain during the second and third trimesters of preg-
nancy. In addition, our results indicate that this positive
weight gain-promoting effect is lessened if intestinal
pathogens are detected in the mother’s stool prior to
IPTp initiation, which in turn may influence birthweight.
Our study is innovative because it investigates an
entirely new factor (gestational weight gain in the con-
text of gut pathogens) as a determinant for the positive
effects of SP therapy.

Implications of all the available evidence

Overall, our study in the context of all available evi-
dence indicates that SP therapy in pregnancy has addi-
tional, malaria-independent benefits to both mother
and baby. The public health significance of this study is
high, because its findings will help inform the decision
about whether IPTp with SP should be continued or not.

Introduction

Poor birth outcomes, such as preterm birth and low
birthweight, are a major public health problem in devel-
oping countries and are multifactorial. Malaria is a com-
mon and preventable cause of birth complications.”?
Intermittent preventive therapy during pregnancy
(IPTp) with sulfadoxine-pyrimethamine (SP) has been
highly effective in preventing the adverse effects of
malaria on the mother and foetus. Consequently, the
World Health Organization (WHO) recommends that,
in malaria-endemic areas, at least three IPTp-SP doses
are administered to pregnant women at antenatal care,
ideally starting early in the second trimester and con-
tinuing at least one month apart until delivery.*

SP-resistant malaria strains have now become
widespread.>>° Paradoxically, despite the high preva-
lence of SP-resistant falciparum malaria in areas such
as East Africa, IPTp-SP appears to remain effective at
improving pregnancy (e.g., reduces anaemia in moth-
ers) and birth outcomes (e.g., reduces the risk for low
birthweight).>® At least 2 doses of SP were found to be
protective against low birthweight, irrespective of
malaria transmission level or geography.’> 7 Parasite
resistance to SP has catalysed efforts to evaluate new
IPTp regimens. Dihydroartemisinin-piperaquine (DP),
another long-lasting and potent antimalarial, has
emerged as a possible alternative in three randomized
trials that have demonstrated its superiority to SP in
preventing malaria, but not in preventing low birth-
weight.® '° These data suggest that IPTp-SP may pre-
vent adverse pregnancy and birth outcomes through
alternative mechanisms, independent of malaria
infection.”

Unlike DP, SP has broad-spectrum antibacterial
activity in-vitro'> and is actively absorbed through the
gut. In addition, maternal enteric microbial communi-
ties have been shown to influence birthweight and
infant metabolism in pre-clinical models.” We there-
fore hypothesized that SP’s mechanism of protection
may be mediated by maternal effects, such as the pro-
motion of gestational weight gain and/or effects in the
gut where SP may be inhibiting common intestinal
pathogens. Here, we report the results of a study that
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followed expectant mothers at their monthly antenatal
visits throughout their second and third trimesters up
to delivery. We analysed monthly stool samples col-
lected from pregnant women in Malawi participating in
a randomized controlled trial of IPTp-SP vs. IPTp-DP.
Our goals were to characterize the burdens of 12 com-
mon enteric bacterial and protozoal pathogens (six
Escherichia coli pathotypes, Vibrio cholerae, Salmonella,
Campylobacter coli/jejuni, Giardia spp., Entamoeba histo-
Iytica, and Cryptosporidium spp.), determine if and how
they are affected by SP, and ascertain whether SP’s
effects on maternal factors, like gestational wieght gain,
and on intestinal microbial factors might explain its
benefit despite waning malaria activity.

Methods

Study population

The present study is an ancillary investigation to an
open-label randomized controlled trial (RCT) designed
to compare the efficacy and safety of monthly adminis-
tration of either sulfadoxine-pyrimethamine (SP) or
dihydroartemisinin-piperaquine (DP) for intermittent
preventive treatment of malaria in pregnancy (IPTp) in
Machinga district, Malawi (ClinicalTrials.gov Identifier:
NCT03009526). Pregnant women between 16- and 28-
weeks gestational age attending their first antenatal care
(ANC) visit at Machinga District Hospital were recruited
for both the parent and this sub-study. Criteria for inclu-
sion in our sub-study were written informed consent for
both parent study and sub-study, viable pregnancy, no
history of IPTp use in the current pregnancy, a negative
HIV test, residency in the study area, and willingness to
provide stool samples at each antenatal visit. Women
with high-risk pregnancies or other medical conditions
were excluded.

Randomization and masking

Women who consented to the main trial were asked to
also participate in the sub-study. The sample size for
this sub-study was defined a priori to be 100—110 partic-
ipants. A total of 105 women consented and were
enrolled in this sub-study; 52 were randomized to the
SP group and 53 to the DP group using a computer gen-
erated list. The investigators at the University of North
Carolina at Chapel Hill (UNC at Chapel Hill) remained
blinded to study drug allocation until analyses were
finalized.

Sample collection, processing, and storage

At enrolment, which was the first antenatal visit for the
current pregnancy, mothers were randomized to either
the SP or DP group. Thereafter, they were scheduled for
follow-up monthly antenatal study visits, each
28—30 days apart. IPTp was administered at enrolment
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and at each follow-up visit, up to four more study visits.
At each study visit, participants were asked whether
they were experiencing diarrhoea or abdominal pain at
the time of study visit in the 24—48 h preceding the
study visit. Upon enrolment prior to drug administra-
tion, women were asked to provide an “on the spot” fae-
cal specimen, which was considered the baseline (pre-
drug) specimen; women for whom this was not feasible
were still enrolled, but they did not have a baseline stool
specimen as part of the analytical sample set. For subse-
quent monthly visits, women used the provided stool
collection kit to collect a faecal specimen within 24 h
prior to their visit. Some women did not bring stool
samples at each visit, but all women received the drug
as scheduled. The final study sample was considered as
the specimen collected for the last visit prior to delivery,
because too few women produced a stool sample at
delivery. Upon submission to the study nurse, stool
samples were taken to the field laboratory in Machinga,
partitioned by laboratory staff into 5 equal aliquots in a
biological cabinet using ethanol-treated surfaces and
spatulas, and placed in sterile 2 mL polypropylene cryo-
tubes. The specimen aliquots were then placed in a
-20 °C freezer for storage. Three of the 5 aliquots were
shipped on dry ice to UNC at Chapel Hill, United States
for further laboratory procedures. Upon arrival at UNC
at Chapel Hill, frozen stool samples were placed in
-80 °C freezers until DNA extraction.

DNA extraction and molecular detection of enteric
pathogens

DNA was extracted from stool samples in batches of 23
with one negative control (sterile PBS). Frozen stool
samples were thawed at the time of DNA extraction,
which was performed as previously described,” with
modifications as follows: 0.1 mm glass beads were used
(BioSpec Products, Cat #11079101), homogenization
was performed with a Disruptor Genie (Scientific
Industries, Cat # S6001-2-120) using 2 rounds of 6o s
beating followed by 5 min resting, i.e. 120 s of total beat-
ing) and clean-up of DNA samples was done with the
Qiagen QIAamp DNA stool kit. Quality control and
quantification of DNA samples was performed with the
Qubit dsDNA Broad Range kit (Cat # Q32853) and the
Qubit 3.0 Fluorometer (Cat # Q33216). We evaluated
the presence of 12 bacterial and protozoan enteric patho-
gens using a previously validated systematic approach of
multiplex quantitative real-time PCR (qPCR).">'® The
pathogens interrogated in this study were: diarrhea-
genic Escherichia coli species and Shigella (enteroaggre-
gative E. coli [EAEC], typical enteropathogenic E. coli
[tEPEC], atypical enteropathogenic E. coli/enterohemor-
rhagic E. coli [aEPEC/EHEC], heat-labile enterotoxigenic
E. coli [LT-ETEC], heat-stable enterotoxigenic E. coli [ST-
ETEC], enteroinvasive E. coli, and Shigella spp. [EIEC/
Shigella)), Vibrio cholerae, Salmonella spp., Campylobacter
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coli/C. jejuni, and three protozoan pathogens (Giardia,
Entamoeba histolytica, and Cryptosporidium spp.). Com-
mercially available gDNA from reference strains or
gDNA from laboratory strains cultured at UNC at
Chapel Hill were used in limit of detection experiments
and as positive controls alongside test samples: EAEC
strain NCDC Ui4-41 (BEI Cat# NR-3052), tEPEC strain
CDC (BEI Cat# NR-3050), EHEC strain EDLg33 (BEI
Cat# 2648), EIEC strain 1885-77 (BEI Cat# NR-3051), V.
cholerae strain 395 (BEI Cat# NR-15694), Salmonella
enterica, subsp. enterica, serovar Typhimurium (BEI Cat#
NR-4614), Campylobacter coli strain JV2o (BEI Cat#
HM-296D), Giardia lamblia H3 (assemblage B) (gDNA
extracted in-house from mouse-associated trophozoites
obtained from Bartelt laboratory, University of North
Carolina at Chapel Hill derived from Waterborne, Inc),
Cryptosporidium parvum strain lowa (ATCC Cat#
PRAG7DQ) and Entamoeba histolytica strain HM-1:
IMSS (ATCC Cat# 30459). The gene targets and primer
sequences have been previously published and exten-
sively validated’>"® and are provided in Table S1, along
with the configuration of the multiplex detection panels.
Details of the qPCR reaction recipes for each panel are
given in Table S2 and cycling conditions in Table S3.
Definitions of pathogen detections are given in Table
S4. The assays were performed with the QuantStudio 6
platform (Life Technologies). Samples were classified as
pathogen positive as previously described.”'® In brief,
an analytical cycle threshold (Ct) cut-off of 35 was
applied, as detection above this threshold becomes sto-
chastic and less reproducible.

MUAC, BMI and gestational weight gain (GWG)
measurements and definitions
At each visit, women were weighed on a digital scale,
accurate to the nearest o.1 kg; height was measured to
the nearest 0.1 cm against permanent markings on the
wall at enrolment visit only. Mid-upper-arm-circumfer-
ence (MUAC) was measured at each visit using a flexi-
ble tape measure at the mid-point between the tips of
the shoulder and elbow. Gestational age was estimated
by ultrasound measurement at enrolment. Infants were
weighed naked at delivery; weights were recorded to the
nearest 1 gm using a digital infant weight scale.
Mid-upper-arm-circumference (MUAC) and body
mass index (BMI) were used to define maternal nutri-
tional status, as previously described." MUAC is a reli-
able indicator of maternal malnutrition because it
changes little during pregnancy.” We analyzed MUAC
both as a continuous variable and dichotomized at the
WHO dlinical cut-off of undernutrition of 23 cm, as pre-
viously described.” Because our study did not collect
pre-pregnancy measurements (according to WHO, a
pre-pregnancy BMI <18.5 kg/m?* is predictive of adverse
birth outcomes),” we used the BMI at the enrolment
antenatal visit as our baseline BMI. BMI was analyzed

as a continuous variable. As the correlation between
BMI and MUAC is not perfect, since BMI is more likely
to change during pregnancy than MUAGC,"® 23 the two
indicators were analyzed separately. GWG is an inde-
pendent and modifiable risk factor for adverse preg-
nancy and infant neonatal outcomes.'?"**"*3

We calculated weight difference (kg) between the
final visit and the enrolment visit by subtracting the
enrolment weight from the final visit weight; to esti-
mate GWG z-scores we performed the following:

(1) the weight difference value (kg) and the 50th centile
of weight gain for the corresponding gestational age
available from the publicly-available INTER-
GROWTH table of GWG standards® (https://
media.tghn.org/medialibrary/2017/05/
GROW_GWG-nw-ct_Table.pdf) were added to
obtain a GWG estimate since the first trimester. For
example, for a woman who gained 77 kg throughout
the study observation period and had a gestational
age at enrolment of 20 weeks, we added the 7 kg
that we observed to the average weight gain value of
3.3 kg, which is the 5oth centile of weight a mother
is expected to gain during the first 20 weeks of ges-
tation, i.e. 12 kg.

Then, GWG z-scores were derived, adjusting for
gestational age, using the INTERGROWTH-21 cal-
culator (https://intergrowth21.tghn.org/gestational-
weight-gain/#c6), as previously described.**

S

GWG z-score was used as a continuous variable and
dichotomized to below average GWG if z-score < o and
average or above average GWG if z-score > o. The ana-
lytical population for GWG analyses was chosen based
on the following criteria explained in “Statistical
analysis”

Statistical analysis

Analytical populations included in the final analyses are
as follows. Only women who provided at least one stool
specimen during the study were included in the analy-
ses. The baseline analytical sample set included only
stool specimens that were produced prior to enrolment
and prior first dose of drug. Women without baseline
specimens but who provided follow-up specimens were
included in analyses of follow-up visits only. Women
with baseline and/or follow-up stool specimens for
whom MUAC and weight were recorded at the study
visit were considered the analytical population for
MUAC and BMI analyses at that study visit, as appropri-
ate. Mothers included in final GWG z-score analyses
were chosen based on the following criteria: (1) they had
a recorded weight at enrolment; (2) gestational age at
enrolment was < 23 weeks, because by weeks 23—28 of
gestation, GWG is on average 4.9—7.5 kg*# and this
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gain is too broad to be accurately accounted for in GWG
z-score estimates without pre-pregnancy weight; (3) nor-
mal BMI (18.5—24.9 kg/m?), as GWG standards for
women with higher than average BMI did not exist at
the time of our analysis; (4) receipt of > 3 doses of drug,
because the greatest protection against low birthweight
associated with SP prophylaxis was observed after > 3
doses® ® and the WHO recommends > 3 dose regimen
for maximal protection.*

Statistical analyses were performed with STATA16.
Differences in participant characteristics at baseline by
drug group were assessed using Chi-square (x2), Fish-
er’s exact tests, or t-tests, as appropriate. Bonferroni cor-
rections were used when multiple comparisons were
performed simultaneously. Important covariates were
identified a priori by causal assumptions based on back-
ground knowledge of covariate relationships® and by
stepwise selection, whereby variables found to be associ-
ated with outcomes in unadjusted analyses (p < 0.05)
were included in adjusted models.*® When exploring
differences between two timepoints or differences
between drug groups within timepoints we used linear
regression in sub-group analyses. Our primary hypothe-
sis is: maternal nutritional indices (GWG, MUAC,
BMI) are mediators of the known relationship between
[PTp treatment arm (SP vs. DP) and birthweight. A sec-
ondary hypothesis is: carriage of enteric pathogens
modifies the relationship between IPTp and maternal
indicators, thus impacting birth weight. A directional
acyclical graph summarizing our causal assumptions is
provided below.

Carriage of gut pathogens
(effect modifier)

GWG associated with MUAC and birthweight by drug
group using linear regressions (in sub-group analyses
or by fitting interaction terms, as appropriate) and non-
parametric Mann-Whitney tests when continuous
GWG z-scores were used and logistic regression and
chi-square (x*) tests when GWG z-scores were dichoto-
mized to below average (GWG z-score<o) and average
or above average (GWG z-score > o). Mean birthweight
differences were estimated with linear regression, con-
trolling for known covariates of gravidity, gestational
age at delivery, and maternal MUAC at baseline. We
investigated whether GWG was a mediator of the drug
and birthweight relationship by using mediation analy-
sis, adjusting for known covariates, and requesting boot-
strapped standard errors and confidence intervals with
500 replications.

Secondary hypothesis analyses

We first evaluated the impact of IPTp regimen and
number of IPTp doses on pathogen prevalence in two
ways: (1) with logistic regression at each study visit inde-
pendently, adjusting for gravidity, gestational age and
nutritional indicators at baseline; (2) to obtain the effect
over time, we used log-binomial mixed models with
generalized estimating equations and robust variance,
fitted an interaction term between drug group and num-
ber of doses and adjusted for gravidity, gestational age,
and nutritional status at baseline. Pathogen burden
(i.e., number of concomitantly infecting pathogens)
analyses were conducted with Poisson regression.
When evaluating changes of pathogen burden over

IPTp (SP or DP) l
(exposure)

GWG
(mediator)

A 4

Birthweight
(outcome)

BMI
(mediator)

N\

MUAC
(mediator)

Primary hypothesis analyses

When evaluating if I[PTp associated with changes in
MUAC and BMI over the course of pregnancy, we used
linear mixed models with generalized estimating equa-
tions and robust variance. We included all measure-
ments for each woman, fitted an interaction term
between drug group and number of IPTp doses given,
and adjusted for the known covariates of gravidity and
gestational age. Gravidity and pre-pregnancy and preg-
nancy BMI are known to be associated with GWG.*
Adjusting for these covariates, we assessed whether
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time, we used a Poisson mixed model with generalized
estimating equations and robust variance. We visualized
patterns of co-occurring pathogens using UpSet plots
generated in R software or with heatmaps of presence/
absence of detected pathogens, as appropriate. We eval-
uated whether pathogen carriage was an effect modifier
on the relationship between GWG, birthweight and
treatment arm using linear regression, adjusting for
important covariates, both in sub-group analyses (patho-
gen detection at baseline/no pathogen detection at
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baseline) and by fitting an interaction term between
drug group and pathogen detection status at baseline.

Ethics

This study was reviewed and approved by the Institu-
tional Review Boards at the University of North Carolina
at Chapel Hill (# 16-1260), at the Centers for Disease
Control and Prevention (# 6836), and University of
Malawi College of Medicine in Blantyre, Malawi. All
participants provided informed consent.

Role of the funding source

The Funders did not have any role in study design, data
collection, data analyses, interpretation, or writing of
report.

Results

Samples included in final analyses

Of 105 women enrolled in our study, 89 women (SP
n = 43; DP n = 46) were included in the final analytical
dataset. Reasons for exclusion are given in Figure 1. Dif-
ferences in baseline characteristics between enrolled
women (n = 105) and women included in the analysis
(n = 89) are given in Table S5. Maternal characteristics
of the 89 women at enrolment by IPTp treatment arm
are given in Table S6. The mean number of antenatal
care visits attended at which stool samples were pro-
vided, including the baseline enrolment visit prior to
any drug administration, was 3.5 visits (range = 1—75).

Sample sizes for each antenatal care visit are given in
Table Sy. If a participant attended >3 study visits, they
delivered their baby within an average of 34.1 days of
the last visit (range = 1—97 days). A total of 309 stool
samples were screened for pathogens (SP n = 150 stools;
DP n =159 stools).

Maternal nutritional indicators (MUAC and BMI) at
baseline

Mid-upper-arm-circumference (MUAC) data at enrol-
ment was available for all 89 mothers. The mean
MUAC (£SD) at enrolment was 25.8 cm (£2.2 cm).
Eight women were classified as undernourished (8.9%)
by MUAC < 23cm at the time of enrolment. Height
measurements were available for 75/89 (84.3%) of
women and thus BMI calculations were only possible
for this participant subset. At baseline, the mean body-
mass index (BMI, £SD) was 23.2 kg/m?* (3.0 kg/m?).
All enrolment BMIs were above the cut-off for under-
nourished (BMI > 18.5 kg/m?), most likely due to gesta-
tional weight gain (GWG).>* Three women had a
BMI > 30 kg/m>. At baseline, MUAC and BMI did not
differ among women between drug groups or by patho-
gens detection (Table S8).

Gut pathogens at baseline

At baseline, 75.3% of all mothers (67/89) had at least
one pathogen detected (SP 81.4%; DP 69.6%, x*
p = 0.196) (Figure 2a). The most frequently observed
pathogens were enteroaggregative E. coli (EAEC) and
atypical enteropathogenic E. coli/enterohemorrhagic E.

Women participating in parent study (SP vs. DP RCT)

n =602

v
Women who consented to also participate in current

sub-study
n=105
Did not provide fecal SP-assigned «
samples n=>52
n=1

v
Provided fecal
samples
n=51

< " v
Provided only the  Provided only follow-  provided pre-drug

enrollment fecal up/post-drug fecal  gnd post-drug fecal
sample sample(s) samples
n=8 n=8 n=235
L v
Four women Four women
excluded because excluded because
the only one the only one
sample provided sample provided
failed gDNA QC failed gDNAQC
n remaining = 4 n remaining = 4
b v
43 women included in final analyses
150 samples “

» DP-assigned Did not provide fecal

n =53 samples
n=5
v
Provided fecal
samples
n=48
v - >
Provided pre-drug Provided only follow- Provided only the
and post-drug fecal up/post-drug fecal enroliment fecal
samples sample(s) sample
n=44 n=3 n=2
v v

Two women excluded
because samples
provided failed gDNA
QC
n remaining = 42

One woman excluded
because sample
provided failed gDNA
QC
n remaining = 2

v v

46 women included in final analyses
159 samples

Figure 1. Study profile and samples included in analyses.
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Figure 2. Prevalence of enteric pathogens and pathogen burden at baseline (pre-drug).

(a) At baseline, two thirds of mothers (67/89, 75.2%) had at least one detectable pathogen of the 12 pathogens included in the
panel (SP 81.4%; DP 69.6% x2 p = 0.196). Atypical enteropathogenic E. coli/enterohemorrhagic E. coli (aEPEC/EHEC) and enteroag-
gregative E. coli (EAEC) were most frequently observed. Cryptosporidium spp. and Entamoeba histolytica were not observed among
baseline samples. EAEC and Giardia spp. were over-represented among women assigned to the SP group (EAEC: 23/43, 53.5%; Giar-
dia spp: 8/43, 18.6%) vs. women assigned to the DP group (EAEC: 15/46, 32.6%; Giardia spp: 2/46, 4.4%) (EAEC x2 p = 0.047, Giardia
spp. x2 p = 0.033).

(b) Multiple concomitant pathogens, up to 6 and defined as “pathogen burden”, were detected per stool. More than half of
mothers were burdened by at least 2 pathogens (47/89, 52.8%) and a quarter of all mothers (23/89, 25.8%) had three or more con-
comitant pathogens.

coli (aEPEC/EHEC), while Cryptosporidium spp. and Ent-  Primary hypothesis analyses

amoeba histolytica were not observed among baseline = Our primary hypothesis is: maternal nutritional indices
samples (Figure 2a). Despite randomization, there were ~ (GWG, MUAC, BMI) are mediators of the known rela-
differences between the 2 treatment groups at baseline.  tionship between IPTp treatment arm (SP vs. DP) and
EAEC and Giardia spp. were over-represented among  birthweight.

women assigned to the SP group (EAEC: 23/43, 53.5%;

Giardia spp: 8/43, 18.6%) vs. women assigned to the DP

group (EAEC: 15/46, 32.6%; Giardia spp: 2/46, 4.4%)  Changes in maternal BMI and MUAC during pregnancy
(EAEC x®p = o.04y, Giardia spp. x*p = 0.033). More  and their relationship to IPTp regimen. We found that
than half of mothers were burdened by at least 2 patho- ~ MUAC among SP-treated women increased by an aver-
gens (47/89, 52.8%) and a quarter of all mothers (23/  age of r.1cm after the first dose compared to their base-
89, 25.8%) had three or more concomitant pathogens.  line measurements (Clgs = 0.5, 1.8 cm, p = o.oo0r, Fig
The highest pathogen burden observed was six  S2a) using adjusted mixed linear regression with gener-
(Figures. 2b, S1). At enrolment, only one participant  alized estimating equations. This increase was not seen
reported abdominal pain only at the time of study visit ~ for DP-treated women (mean MUAC change after 1
and/or in the previous 24-48h. None of the participants ~ dose vs. pre-drug = -0.2 ¢cm, CI95 = -0.9 cm, o.4cm,
reported diarrhoea at enrolment. p = o.519, Fig S2a). Next, we found that the MUAC of
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Figure 3. Changes in maternal middle-upper-arm circumference (MUAC) and body-mass index (BMI) following IPTp.

We used linear regressions of MUAC and BMI measurements at each follow-up antenatal visit (baseline before first dose of drug;
at follow-up antenatal visit 1, 28—30 days after first dose was given; at follow-up antenatal visit 2, 28-30 days after second dose was
given; at follow-up antenatal visit 3, 4, or 5, 28—30 days after the third, fourth, or fifth doses was given). We adjusted for the baseline
measurement (MUAC or BMI, as appropriate), gravidity and gestational age.

(a) The MUAC of SP recipients was consistently higher during pregnancy and after the > 3 IPTp-SP doses recommended by the
WHO, the MUAC of SP women vs. DP women was higher by an average of 0.94 cm (adjusted linear regression p = 0.016).

(b) The BMI of SP women compared to DP women was higher during pregnancy and after receiving > 3 doses of SP, these
women had higher BMI than women treated with > 3 doses of DP (adjusted linear regression p = 0.048).

SP recipients was consistently higher during pregnancy
using sub-group linear regressions adjusted for baseline
MUAC, gravidity, and gestational age; thus, following
the WHO-recommended regimen of > 3 IPTp doses,
the MUAC of SP women vs. DP women was higher by
an average of 0.94 cm (Clg; = 0.18 cm,1.70 cm,
p = o.016, Figure 3a). While women in both drug
groups had increases in BMI during pregnancy (Fig.
S2b), women treated with SP had consistently higher
BMIs than women treated with DP (Figure 3b), and

after > 3 doses, women who received SP had BMIs that
was on average 0.9kg/m? higher than those of DP recip-
ients (Clgs = o. kg/m? 1.8 kg/m? p = 0.048,
Figure 3b).

Gestational wight gain after >3 IPTp doses and its
relationship to IPTp regimen and birthweight. We
applied robust criteria for our GWG z-score estimations,
as described in methods. As a result, GWG z-scores
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were available for 56 women (SP n = 27; DP n = 29).
Using simple linear regression, we found that GWG z-
scores were positively correlated with baseline BMI
(mean GWG z-score change = -o.14, Clg5 = -0.20,
-0.0I, p = 0.034), but not baseline MUAC. GWG z-
scores of SP-recipients after >3 IPTp doses were higher
than those of DP-recipients (Mann-Whitney z = 2.4,
p = 0.039, Figure 4a) and SP-recipients were more likely
to achieve greater or equal to average GWG (i.e., GWG
z-score>o0) than DP-recipients (44.4% vs. 17.2%,
x°p = 0.027, Fig. S3).

Birthweight was recorded for 75 babies (84.3%).
Mean birthweight (£SD) among all women was
2946.5g (£359.7 g). In unadjusted linear regression,
birthweight was positively correlated with mother’s
enrolment MUAC (mean increase in birthweight for
each 1cm increase in MUAC = 38.2 g, Clgs = 0.39g,
76.0g, p = 0.048), gravidity (mean increase in birth-
weight for each pregnancy = 83.0g, Clg; = -11.0 g,
177.0 g, p = 0.083) and gestational age at delivery (mean
increase in birthweight for each 1 week increase in ges-
tational age at delivery = 54.8g, Clg5 = 0.11 g, 109.4 g,
p = 0.050). When adjusting for these covariates, birth-
weight was found to be positively associated with GWG
and thus birthweight was on average 63.2 g higher for
each 1 unit increase in GWG z-score (Cl95 = 3.5 g,
122.9 g, p = 0.039). While the birthweight of babies
born to mothers who received at least 3 doses did not
differ between drug groups in unadjusted linear regres-
sion (mean birthweight difference SP vs.DP = -7.5 g,
CIg5 = -204.7 g, 190.0 g, p = 0.940) or adjusted linear
regression (mean birthweight change SP vs. DP =-0.5 g,
Clgs =-171.7 g, 170.1 g, p = 0.995), we found that GWG
influenced this association by using both sub-group
analyses and linear regression with an interaction term
between IPTp regimen and GWG z-scores (Figure 4b).
In sub-group analyses, mean birthweight of babies born
to SP-treated women was 158.9¢g higher for each 1 unit
increase in GWG z-score (Clgs = 27.0 g, 2901 g,
p = 0.021) while there was no positive effect of GWG on
birthweight for the babies of DP-treated women (mean
birthweight difference for each 1 unit increase in GWG
z-score = -2.12 g, Cl95 =-79.3 g, 75.0 g, p = 0.954). The
results of the adjusted linear regression analysis of
birthweight with an interaction term between IPTp regi-
men and GWG z-scores is shown in Figure 4b (Pinterac.
tion = 0.027).

Because GWG was independently associated with
both drug and birthweight, mediation analysis was used
to establish whether GWG is a mediator of the relation-
ship between drug and birthweight. Using mediation
analysis, we found that while the direct effect of drug on
birthweight was not significant (mean birthweight dif-
ference SP vs. DP = 33.9 g, Clg5 = -156.2 g, 224.0,
p = o.727), the indirect effect of drug (SP vs. DP)
through GWG was significant: mean Dbirthweight
difference = 95.9g, Clg5 = 5.5 g, 209.I, p = 0.049
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(Figure 4c). Compared to IPTp-DP, the proportion of
the total effect of IPTp-SP on birthweight that is medi-
ated by GWG, calculated by dividing the indirect effect
by the sum of indirect and direct effects is 0.74 (i.e.,

95-9/[95-9+33.9] = 0.74).

Secondary hypothesis analyses

Our secondary hypothesis is: carriage of enteric patho-
gens mediates or modifies the relationship between
IPTp and maternal indicators, thus impacting birth-
weight.

Changes in gut pathogen carriage following IPTp. En-
teroaggregative E. coli (EAEC) was the only pathogen
that was strongly associated with drug regimen
(Figure 5). We observed a dose-dependent reduction in
EAEC in SP-treated women but not DP-treated women
(Figs. 5, S4a) using adjusted logistic regression per-
formed for each study visit. SP recipients were more
likely than DP recipients to be EAEC negative after >3
doses of drug, irrespective of EAEC detection at baseline
in adjusted analyses (among EAEC negative women at
baseline: aOR SP vs. DP  o.11, Clgg = o.01, 1.00,
p = 0.052; among EAEC positive women at baseline:
aOR SP vs. DP = 0.05, Cl95 = 0.004, 0.596, p = 0.018).
SP was not found to influence aEPEC/EHEC preva-
lence, the second most common pathogen detected in
our study (115/309 stools positive, 37.2%) (Fig. S4b),
overall E. coli positivity (Fig. S4c), or overall positivity
with any pathogen (Fig. S4d). Neither SP nor DP signif-
icantly altered the total number of pathogens harboured
by a woman during pregnancy (Poisson regression
p = 0.327, Fig. S5). Following enrolment, only three
women reported intestinal symptoms: one woman
reported diarrhoea only (i.e., absence of abdominal
pain) at only one timepoint, and the other two women
reported abdominal pain in the absence of diarrhoea at
only one study visit.

Associations between BMI and MUAC during preg-
nancy and IPTp regimen, as a function of gut patho-
gens. Having found that MUAC and BMI changes
were higher among SP-treated than that of DP-treated
women during the study period (Figs. 3, S2) and that
EAEC was the only pathogen significantly associated
with [PTp-SP (Figure 5), we sought to determine
whether the carriage of EAEC modified the IPTp and
MUAC/BMI relationship. First, the significant increase
in MUAC after one dose of SP, but not after one dose of
DP (Figure 3), was only observed in the absence of pre-
existing EAEC (i.e., EAEC detected at baseline immedi-
ately prior to the first dose of drug) (Table Sg). Second,
MUAC and BMI changes in SP vs. DP recipients after
>3 doses of drug were higher when EAEC was not
detected at baseline (Table S10). For completeness, the
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Figure 4. Gestational weight gain (GWG) and birthweight following IPTp.

Gestational weight gain (GWG) z-scores were calculated as described in “Methods”. In brief, we first calculated the mother’s
weight gain (kg) between enrolment and the visit closest to delivery. This value was added to the 50th centile of weight gain for
the gestational age that corresponded to the mother’s gestational age at enrolment. The 50th centile of weight gain values are
available from the publicly-available INTERGROWTH table of GWG standards®® (https:/media.tghn.org/medialibrary/2017/05/
GROW_GWG-nw-ct_Table.pdf). Then, GWG z-scores were derived, adjusting for gestational age, using the INTERGROWTH-21 calcula-
tor (https://intergrowth21.tghn.org/gestational-weight-gain/#c6), as previously described.”* Only mothers who completed 3 doses
of IPTp, were enrolled before 23 weeks gestation, and had normal BMI at enrolment (18.5—24.9 kg/m?) were included in these
analyses.

(a) SP-treated women had higher GWG z-scores than DP-treated women (Mann-Whitney p = 0.019; horizontal lines represent the
median and 95% confidence intervals).

(b) The GWG, birthweight and IPTp relationship. Birthweight (grams) was recorded for 75 babies (75/89, 84.3%). Using linear
regression adjusted for maternal baseline MUAC, gravidity, and gestational age at delivery, we evaluated whether birthweight asso-
ciated with IPTp regimen according to GWG z-scores, by fitting an interaction term between drug group and GWG z-scores. Shown
in this graph is the interaction effect with 95% confidence intervals. We found that birthweight was positively correlated with moth-
ers’ GWG in SP-treated women, but not DP-treated women (Pmodel < 0.001, Pinteraction = 0.027).

c) We used mediation analysis adjusting for baseline BMI and gravidity and requesting bootstrapped standard errors and confi-
dence intervals with 500 replications to establish whether GWG is a mediator of the relationship between drug and birthweight.
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other gut pathogens were also evaluated for effect modi-
fication of the association. We found a similar effect
when other pathogens, including other E. coli patho-
types (aEPEC/EHEC, tEPEC, or LT-ETEC) were consid-
ered (Tables Sg, S10).

Modification of the IPTp, gestational weight gain, and
birthweight relationship by gut pathogens. Analyses
of birthweight by maternal characteristics and IPTp
group are shown in Table S11. Having established that
GWG was a mediator of the IPTp-SP and birthweight
relationship (Figure 4c) and that the other maternal
nutritional indicators (MUAC and BMI) differed
between drug groups as a function of pre-existing EAEC
and other E. coli pathotypes (Tables S9, S10), we evalu-
ated whether the overall beneficial SP effect on GWG
and birthweight varied according to pre-existing patho-
gens (Table S12 and Table S13, respectively). Among
women without pre-existing EAEC, aEPEC/EHEC,
tEPEC, or LT-ETEC, SP-treated women had higher
GWG z-scores than DP treated women (Table Si2).
However, when women had pre-existing EAEC, aEPEC/
EHEC, tEPEC, or LT-ETEC, this beneficial effect on
GWG was not seen (Figure 6a, Table S12).

Birthweight varied according to EAEC and tEPEC
(Table S13) only, but in different ways. Pre-existing
tEPEC was associated with lower birthweight, irrespec-
tive of drug regimen after >3 doses (Table S13), as fol-
lows: using sub-group analyses of each IPTp group, we
used adjusted linear regression and found that the birth-
weight of babies born to SP mothers who tested positive
for tEPEC was on average 262.6 g lower than that of
babies born to SP mothers who did not test positive for
tEPEC (Cl9s5 = -457.3 g, -67.9 g, p = 0.009, Table S13);
similarly, the birthweight of babies born to DP mothers
positive for tEPEC at baseline was on average 211.7 g
lower than that of babies whose mothers did not have
tEPEC at baseline (Clgs = -355.3 g, -68.2 g, p = 0.003,
Table S13). With respect to EAEC, we found using
adjusted linear regression for each drug group sepa-
rately that the birthweight of babies born to SP mothers
with detectable EAEC at baseline was on average
-207.3g lower than that of babies born to SP mothers
without prior EAEC (Clg5 =-393.2 g, -21.4 g, p = 0.030,
Table S13). The birthweight of babies among DP moth-
ers did not differ by pre-existing EAEC infection (Table
S13). This led us to next compare the IPTp regimens
head-to-head to determine whether SP or DP associated
with improved birthweight as a function of EAEC and

tEPEC positivity at baseline. We used adjusted linear
regressions to compare birthweights between SP and
DP recipients for each of the following subgroups:
EAEC positive mothers, EAEC negative mothers, tEPEC
positive mothers, and tEPEC negative mothers. We
found that SP recipients women who were EAEC nega-
tive at baseline had infants who were 156.0 g heavier at
birth than infants of DP recipients (Clg; = -18.0 g,
336.9 g, p = 0.087, Figure 6b), though confidence inter-
vals crossed the null. This was not observed among
women with EAEC at baseline: mean birthweight differ-
ence SP vs. DP = -99.5 g, Clg5 = -329.9 g, 130.9 g,
p = 0.390, Figure 6b). There was no difference in birth-
weight when comparing IPTp regimens by pre-existing
tEPEC (Figure Gb): adjusted mean birthweight SP vs.
DP among tEPEC negative women at baseline = -1.1g,
Clgs =-134.5 g, 132.3 g, p = 0.995); adjusted mean birth-
weight SP vs. DP among tEPEC positive women at base-
line: -166.7 g Clg5 =-618.0 g, 263.1 g, p = 0.372).

Discussion

We conducted an ancillary study to a randomized con-
trol trial comparing IPTp with sulfadoxine-pyrimeth-
amine (SP) to IPTp with dihydroartemisinic-
piperaquine (DP) in pregnant Malawian women to
investigate sources of malaria-independent effects of
IPTp-SP on birthweight. Previous observations®~'® and
a recent metanalysis of three large randomized con-
trolled trials comparing IPTp-SP and IPTp-DP in
Uganda and Kenya" have indicated that despite wide-
spread SP resistant malaria parasites, IPTp-SP is still
effective at preventing low birthweight, likely through
malaria-independent effects. We hypothesized that SP’s
mechanism of protection may be mediated by maternal
effects, such as the promotion of gestational weight
gain and/or effects in the gut where SP may be inhibit-
ing common intestinal pathogens. We first found that
recipients of three doses of SP had higher BMI, MUAC
and GWG than recipients of three doses of DP. We also
report for the first time that GWG was a mediator of the
birthweight and IPTp-SP relationship, as GWG was
independently and positively associated with SP ther-
apy, but not DP therapy, and with birthweight in the SP
group, but not DP group. This suggests that when the
mother is treated with SP, her baby’s birthweight is
mediated by her own weight gain during the second
and third trimesters. These novel findings are in line
with previous hypotheses of malaria-independent mech-
anisms through which SP confers protection from low

The average direct effect of drug on birthweight was not significant (mean birthweight difference SP vs. DP = 33.90g, CI95 = -156.2g,
224.0, p = 0.727), but the indirect effect of drug (SP vs. DP) through GWG was significant: mean birthweight difference = 95.9 g,
CI95 = 5.5 g, 209.1, p = 0.049. The proportion of the total effect of IPTp-SP on birthweight that is mediated by GWG, calculated by
dividing the indirect effect by the sum of indirect and direct effects is 0.74 (i.e., 95.9/[95.9+33.9] = 0.74).
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Figure 5. Changes in gut pathogen prevalence following IPTp.

We used logistic regression adjusted for gravidity, gestational age and MUAC at baseline to assess the risk of gut pathogens at
each study visit independently. The likelihood of carriage in the SP vs. the DP group was estimated for EAEC, aEPEC/EHEC, tEPEC, LT-
ETEC, ST-ETEC, EIEC/Shigella at all study visits, but the low prevalence of the others precluded their analysis. We found that only
EAEC was strongly associated with IPTp regime. The prevalence of EAEC decreased in a dose-dependent manner in SP-receiving
women compared to DP-receiving women. After > 3 doses, SP-treated women were approximately 90% less likely to be infected

with EAEC than DP-treated women (p = 0.002).

birthweight, namely via changes to maternal factors.?”
Mechanistic studies in mice have found that antibiotic-
induced changes in the maternal gut environment led
to alterations in lipid and cholesterol metabolism, which
increase adiposity*® and that the maternal gut environ-
ment plays a key role in the metabolic programming of
the offspring.” In humans, early infant antibiotic use

correlates with increased BMI*® and in infants and
older children it was shown to increase weight gain; co-
trimoxazole, an antifolate drug closely related to SP, is
associated with improved growth in paediatric HIV
cohorts.*®*" Deciphering how SP promotes maternal
weight gain during pregnancy, and how this is linked to
infant birthweight, warrants further investigation. A
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Figure 6. The association between IPTp and gestational weight and birthweight is modified by baseline detection of maternal gut
pathogens.

(a) Effect modification of pathogens on the GWG and IPTp association. We used sub-group linear regressions adjusted for mater-
nal baseline BMI and gravidity and stratified by pathogen detection at baseline (i.e., pre-existing infection) . A “+” superscript
denotes that the pathogen was detected at baseline, while a “-“ superscript denotes the pathogen was not detected at baseline (n
EAEC" = 22; n EAEC™ = 32; n tEPEC" = 15; n tEPEC™ = 39; n aEPEC/EHEC" = 15; n aEPEC/EHEC ~ = 39; LT-ETEC" = 20; n tEPEC™ = 34).
Pre-existing infection with EAEC, tEPEC, aEPEC/EHEC, and LT-ETEC influenced gestational weight gain (GWG) outcomes, as a function
of treatment arm, as SP recipients without detectable pathogen at baseline, but not SP recipients with pre-existing pathogen, had
higher GWG than DP recipients. Analyses of the other pathogens are provided in Table S11.

(b) Effect modification of pathogens on the birthweight and IPTp relationship. Using sub-group analyses of adjusted linear
regression of birthweight, we compared IPTp regimens according to pathogen detections at baseline. We found that pre-existing
EAEC and tEPEC influenced how birthweight associated with IPTp regimen. When tEPEC was not detected at baseline among
women who received > 3 doses (tEPEC™, n = 34), differences in birthweight between drug groups were not found (adjusted mean
birthweight change SP vs. DP =-1.1 g, Cl95 = -134.5 g, 132.3 g, p = 0.995). When tEPEC was detected at baseline (tEPEC, n = 20), dif-
ferences between drug groups were negligible (adjusted mean birthweight change SP vs. DP =-166.7 g,-618.0 g, 263.1 g, p = 0.362).
Compared to DP, SP was associated with higher birthweight when mothers were EAEC negative at baseline (EAEC™, mean adjusted
birthweight difference = 156.0 g, CI95 = -18.0 g, 336.9g, p = 0.087, n = 32). This effect was not observed among EAEC positive moth-
ers at baseline (EAEC*, mean birthweight difference SP vs. DP = -99.5 g, Cl95 = -329.9 g, 130.9 g, p = 0.390, n = 22).

study of the effect of SP on the intestinal microbiomes In this study, we found a substantial burden of
of these pregnant women is now in progress and will  enteric pathogens in Malawian pregnant women from
test the hypothesis that SP alters the composition of the = our study area. At their first antenatal care visit (16-28
maternal faecal microbiome in characteristic ways that ~ weeks gestation), two thirds of mothers were infected
are associated with GWG and birthweight (Waltmann  with at least one detected pathogen and a quarter were
et al., in preparation). burdened by three or more (with a maximum of six)

www.thelancet.com Vol 77 Month March, 2022

13



Articles

14

concurrent pathotypes. Enteroaggregative E. coli (EAEC)
and atypical enteropathogenic/enterohemorrhagic
E. coli (aEPEC/EHEC) were the two most frequently
detected, with all mixed infections harbouring at least
one of them. While neither IPTp arm led to reduced
overall pathogen burden over the course of pregnancy,
SP was found to be strongly associated with reduced
odds of EAEC carriage only, in a dose-dependent man-
ner. After >3 doses of SP, as recommended by the
WHO* for IPTp, SP recipients were approximately 9o%
less likely to be infected with EAEC than mothers who
received 3 doses of DP. While the significant effect of
SP on EAEC after 3 doses in our study could reflect
chance and our current data cannot prove mechanisti-
cally that SP is targeting EAEC, there are several lines of
evidence that make it plausible that SP’s effect on EAEC
is a biological finding and may explain, at least partially,
why in our study SP did not influence the other E. coli
pathotypes. First, EAEC is thought to adhere to both the
small and large bowel epithelia in biofilms.>*3° This
characteristic aggregation at the mucosal epithelium
may be reminiscent of sequestering malaria parasites at
the epithelium of the intervillous spaces of the
placenta.*>*" Secondly, there are overlaps in human
ligands between EAEC and P. falciparum. The human
receptor of EAEC was recently defined as heparan sul-
phate.** Heparan sulphate are a group of carbohydrate
chains that contain sulphate modifications and can be
carried by Syndecan-1 proteins in the intestine.** Synde-
can-I is not only found on the syncytiotrophoblast, the
specialized epithelia layer that covers interior of the vil-
lous of the placenta*>*" where P. falciparum parasites
during pregnancy sequester, but it also carries the
known human ligand of P. falciparum during preg-
nancy, namely chondroitin sulphate A (CSA).* Third,
sulphonamides, like SP, have been shown to be effective
at disrupting biofilms. Previous studies have demon-
strated the inhibitory effect of antifolates sulfamethoxa-
zole-trimethoprim and  sulfadiazine-pyrimethamine
against cryptococcal biofilms** and to some extent
staphylococcal biofilms.*

Notably, SP’s beneficial effect on GWG, MUAC, and
BMI was not seen or was lessened when prior to IPTp
initiation mothers had detectable EAEC, tEPEC,
aEPEC/EHEC or LT-ETEC. This led us to evaluate
whether the maternal carriage of pathogens also influ-
enced birthweight. Using sub-group analyses among SP
recipients and DP recipients separately, we found a sig-
nificant negative effect on birthweight when mothers of
either IPTp group tested positive for tEPEC at baseline.
In similar analyses comparing EAEC positive mothers
to EAEC negative mothers at enrolment for each IPTp
group separately, we found that EAEC among SP moth-
ers was associated with a significant negative effect on
birthweight. These results raised the question which
IPTp regimen favoured increased birthweight in the
context of maternal carriage of EAEC and tEPEC.

Compared to DP, the beneficial effect of SP on birth-
weight appeared to be modified by the pre-treatment
detection of EAEC only, as babies born to SP-recipients
without detectable EAEC at baseline appeared to be
heavier than babies born to DP-recipients (mean
increase in birthweight SP vs. DP = 156 g, Clg; = -18.0,
336.9 g, p = 0.087). These results suggest that SP’s ben-
eficial effect on birthweight via maternal GWG coin-
cides with undetectable levels of EAEC at the enrolment
(pre-treatment) visit, which is strengthened by our find-
ing that compared to DP, SP mothers without prior
EAEC had the highest GWG.

Thus, overall our results found several significant
associations: we detected a positive effect of SP vs. DP
on nutritional indicators (BMI, MUAC) and GWG,
which coincided with a significant reduction in the odds
of carrying EAEC throughout pregnancy in SP mothers
vs. DP mothers; we found that GWG was a mediator of
the IPTp-SP and birthweight relationship and detected
that EAEC, tEPEC, aEPEC/EHEC or LT-ETEC positivity
prior to the first dose of IPTp-SP lessened SP’s benefit
on increased GWG; we also detected significant nega-
tive effects on birthweight by EAEC and tEPEC when
conducting sub-group analyses of SP mothers and DP
mothers separately. This is the first study, to our knowl-
edge, of the effects of multiple maternal gut pathogens
during pregnancy and birthweight, but it has limita-
tions, particularly when comparing IPTp groups with
respect to birthweight as a function of maternal EAEC
positivity at enrolment, for which we were likely under-
powered. Low birthweight is multifactorial with several
factors likely occurring simultaneously, posing a limita-
tion on inferring individual effects, including factors
that were unaccounted for in our analysis (e.g., socioeco-
nomic status, pre-pregnancy weight or maternal
sexually-transmitted infections’). In addition, the het-
erogeneity of EAEC strains may be an important con-
founder when investigating the relationship between
EAEC and health outcomes. Additional data from larger
studies are needed to formally test the hypothesis that
maternal carriage of EAEC in the second and third tri-
mesters prior to IPTp initiation is associated with
decreased birthweight in the context of IPTp-SP. If this
is found to be the case, further mechanistic studies may
also consider exploring whether this is due to long-last-
ing damage by EAEC at the intestinal mucosa, consis-
tent with known aspects of EAEC pathogenesis (i.e.,
biofilm formation)***° or due to a prophylactic, rather
than curative, mode of action preventing new EAEC
infections, which would be consistent with SP’s antifo-
late activity”'* and its long half-life.>*

Though EAEC carriage during pregnancy and its
effect on gestational weight gain and birthweight have
not been investigated previously and the unknown clini-
cal relevance of EAEC in this context warrants further
investigation, in children, however, the deleterious
effect of EAEC on growth is well documented.?** It is
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worth noting that several of the other pathogens in our
panel are also associated with childhood growth falter-
ing.>> EAEC is commonly detected in the gut of mal-
nourished children and is considered a contributor to
growth shortfalls during the first two years of life, even
in the absence of diarrhoea.** EAEC is associated with
intestinal inflammation markers in humans, specifi-
cally higher levels of faecal myeloperoxidase (MPO),**3¢
which in turn correlate with poor linear growth among
children in Brazil, Bangladesh, and the Gambia.*
Recent mechanistic studies in mice have shown that
EAEC mediates intestinal inflammation and impairs
growth.”” Whether these effects by EAEC also occur in
utero remains to be seen.

Taken together, our findings that gestational weight
gain of Malawian pregnant women mediates the rela-
tionship between IPTp-SP and improved birthweight
are significant in the context of SP’s waning antimalar-
ial activity but continued protection against low
birthweight>®  Generalisability of these findings
remains to be determined. Currently available data
from other studies would allow for assessment of this
association and should be pursued. In addition, follow-
up metagenomic, proteomic, and metabolic studies will
shed light on the mechanism of enhanced maternal
weight gain, and reveal how specific pathogens like
EAEC or tEPEC, which we found to be associated with
lower gestational weight gain and birthweight in the SP
group, the host immune system at the intestinal and
placental mucosa, and the microbiota are interrelated to
affect gestational weight gain and birthweight.
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