
EBioMedicine 44 (2019) 639–655

Contents lists available at ScienceDirect

EBioMedicine

j ourna l homepage: www.eb iomed ic ine.com
Research paper
Composition of the gut microbiota transcends genetic determinants
of malaria infection severity and influences pregnancy outcome
Catherine D. Morffy Smith a, Minghao Gong b, Alicer K. Andrew a, Brittany N. Russ b, Yong Ge b, Mojgan Zadeh b,
Caitlin A. Cooper a, Mansour Mohamadzadeh b, Julie M. Moore a,⁎,1
a Department of Infectious Diseases and the Center for Tropical and Emerging Global Diseases, University of Georgia, Athens, GA, United States
b Department of Infectious Diseases and Immunology, University of Florida, Gainesville, FL, United States
⁎ Corresponding author.
E-mail address: juliemoore@ufl.edu (J.M. Moore).

1 Current Institution: Department of Infectious Disease

https://doi.org/10.1016/j.ebiom.2019.05.052
2352-3964/© 2019 The Authors. Published by Elsevier B.V
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 24 December 2018
Received in revised form 23 May 2019
Accepted 24 May 2019
Available online 31 May 2019
Background: Malaria infection in pregnancy is a major cause of maternal and foetal morbidity and mortality
worldwide. Mouse models for gestational malaria allow for the exploration of the mechanisms linking maternal
malaria infection and poor pregnancy outcomes in a tractable model system. The composition of the gut micro-
biota has been shown to influence susceptibility to malaria infection in inbred virgin mice. In this study, we ex-
plore the ability of the gut microbiota to modulatemalaria infection severity in pregnant outbred Swiss Webster
mice.
Methods: In Swiss Webster mice, the composition of the gut microbiota was altered by disrupting the native gut
microbes through broad-spectrum antibiotic treatment, followed by the administration of a faecal microbiota
transplant derived from mice possessing gut microbes reported previously to confer susceptibility or resistance
tomalaria. Female mice were infected with P. chabaudi chabaudi AS in early gestation, and the progression of in-
fection and pregnancy were tracked throughout gestation. To assess the impact of maternal infection on foetal
outcomes, dams were sacrificed at term to assess foetal size and viability. Alternatively, pups were delivered
by caesarean section and fostered to assess neonatal survival and pre-weaning growth in the absence ofmaternal
morbidity. A group of dams was also euthanized at mid-gestation to assess infection and pregnancy outcomes.
Findings: Susceptibility to infection varied significantly as a function of source of transplanted gut microbes. Par-
asite burden was negatively correlated with the abundance of five specific OTUs, including Akkermansia
muciniphila and OTUs classified as Allobaculum, Lactobacillus, and S24-7 species. Reduced parasite burdenwas as-
sociated with reduced maternal morbidity and improved pregnancy outcomes. Pups produced by dams with
high parasite burdens displayed a significant reduction in survival in the first days of life relative to those from
malaria-resistant dams when placed with foster dams. At midgestation, plasma cytokine levels were similar
across all groups, but expression of IFNγ in the conceptus was elevated in infected dams, and IL-10 only in sus-
ceptible dams. In the latter, transcriptional and microscopic evidence of monocytic infiltration was observed
with high density infection; likewise, accumulation of malaria haemozoin was enhanced in this group. These re-
sponses, combinedwith reduced vascularization of the placenta in this group, may contribute to poor pregnancy
outcomes. Thus, high maternal parasite burden and associated maternal responses, potentially dictated by the
gut microbial community, negatively impacts term foetal health and survival in the early postnatal period.
Interpretation: The composition of the gut microbiota in Plasmodium chabaudi chabaudi AS-infected pregnant
Swiss Webster mice transcends the outbred genetics of the Swiss Webster mouse stock as a determinant of ma-
laria infection severity, subsequently influencing pregnancy outcomes in malaria-exposed progeny.
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1. Introduction

Malaria poses a tremendous threat to the millions of pregnant
women at risk for acquiring Plasmodium falciparum infections each
year. In 2015, approximately 9·5 million pregnant women would
have been exposed tomalaria infection in the absence ofmalaria control
programs seeking to prevent gestational malaria [1,2]. In pregnant
women, P. falciparum infection is associated with the sequestration of
infected red blood cells (iRBCs) in the placenta [3]. The function of the
parasitized placenta is compromised by inflammation, coagulation,
and tissue damage induced by pathogen infection [4–9]. The extent to
which normal placental mechanisms and processes are disrupted by in-
fection is unknown; however, abnormalities in uteroplacental blood
flow [10], amino acid transport [11,12], glucose transport [13,14], and
autophagy [15] have been identified in malaria-infected placentae. As
a result of these disruptions in normal placental function, gestational
malaria is associated with poor birth outcomes, including low birth
weight due to intrauterine growth restriction, or pretermdelivery, abor-
tion, and stillbirth [16–21]. Furthermore, maternal malaria infection
profoundly impacts the postnatal health and survival of the infants.
Malaria-associated low birth weight is estimated to have a fatality rate
of 37·5% [22], and infants born to malaria-infected women are more
susceptible to malaria in early life [23–25]. Thus, understanding the
pathogenesis of malaria in pregnancy is critical for improving maternal
and child health outcomes in malarious regions.

Mousemodels are important for the study of gestational malaria be-
cause the dysfunctional mechanisms linkingmaternal malaria infection
andpoor birth outcomes are incompletely understood, stymieing efforts
to reduce the impact of malaria infection on pregnant women and their
babies. Different parasite-mouse combinations best recapitulate differ-
ent features of gestational malaria. Many mouse models for malaria in
pregnancy result in spontaneous abortion or stillbirth [26–32], out-
comes that are rarely observed inmalaria-infected pregnantwomen liv-
ing in highly endemic areas [33–35], even with chronic infection
[36,37]. For this reason, we have developed a novel model for
transgestational malaria infection utilizing SwissWebster mice infected
with Plasmodium chabaudi chabaudi AS [Morffy Smith, in review]. Swiss
Webster dams infected with P. chabaudi chabaudi AS on gestational
day (GD) 0 carry their pregnancies to term and deliver live pups,
allowing for the exploration of the impact of prolonged maternal ma-
laria infection on postnatal outcomes [Morffy Smith, in review]. In addi-
tion to modelling live birth following malaria infection throughout
pregnancy, the use of outbred mice allows this model to act as a bridge
between completely homogenous inbred mouse populations and ge-
netically diverse human populations. However, genetic traits are not
the only determinants of malaria severity in experimentally infected
mice. In inbred mice, the composition of the gut microbiota has been
identified as a major determinant of susceptibility to malaria [38,39].
It has previously been demonstrated that vendor-associated communi-
ties of gut microbes confer susceptibility or resistance to infection with
multiple murine malaria species [38,39]. However, the ability of the gut
microbiota to inform the susceptibility of pregnant mice to malaria and
subsequently impact foetal and postnatal outcomes has not been
elucidated.

Remarkably, we report here that the composition of the gutmicrobi-
ota supersedes the diverse genetics of the outbred Swiss Webster
mouse stock as a determinant of susceptibility to murine malaria infec-
tion. We demonstrate how the manipulation of the gut microbiota in a
cohort of mice sourced from a single vendor allows for the modulation
of infection severity, as well as foetal and postnatal outcomes. Swiss
Webster mice from the National Cancer Institute Mouse Repository
(NCI) are highly susceptible to P. chabaudi chabaudi AS infection [Morffy
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Smith, in review]. The alteration of the gutmicrobiota via antibiotic treat-
ment and the administration of a faecalmicrobiota transplant consisting
of faeces collected from Jackson Laboratory-sourced mice (FMTJAX), re-
ported to displaymicrobiota-mediated resistance tomalaria [39], signif-
icantly impacted disease outcomes in Swiss Webster mice. Maternal
infection was less severe in mice receiving a faecal microbiota trans-
plant consisting of faeces collected from Jackson Laboratory-sourced
mice following antibiotic treatment (ABX-FMTJAX), and postnatal sur-
vival was improved relative to antibiotic-treated mice reconstituted
with endogenous gut microbes (ABX-FMTNCI). Thus, the modulation of
the gut microbiota may serve as a potential therapeutic approach for
mitigating malaria infection severity and pregnancy outcomes in
P. chabaudi chabaudi AS-infected outbred Swiss Webster mice. We an-
ticipate that thiswill expand the P. chabaudi chabaudiAS-SwissWebster
model for transgestational malaria infection [Morffy Smith, in review]
by enabling the exploration of pregnancy outcomes following
severe and moderate parasite burdens using the same parasite-mouse
combination.

2. Materials & methods

2.1. Mice

Three-week-old and six- to seven-week old Swiss Webster female
mice, five- to six-week-old Swiss Webster male mice, and sexually ma-
ture SwissWebster mice of both sexes (Clr:CFW)were purchased from
NCI (Fredrick,MD), a facilitymanaged by Charles River Laboratory.Male
and female C57BL/6 J micewere purchased from the Jackson Laboratory
as breeder stock and replaced at least every ten generations. Because
Helicobacter infection can impact fecundity [40], animals were housed
in Helicobacter species and norovirus-free rooms and maintained
under specific-pathogen-free conditions at the University of Georgia
Coverdell Vivarium, a barrier facility. Mice were provided with food
(Mouse Diet 20; PicoLab's catalogue # is 5053; St. Louis, MO) and
water ad libitum. Mice were acclimated to a 14-hour light/10-hour
dark cycle, and rooms were maintained at a temperature between 65
and 75 °F and humidity between 40 and 60%. All animal protocols
were approved by the University of Georgia Institutional Animal Care
and Use Committee.

2.2. Antibiotic treatment and faecal microbiota transplantation

To induce dysbiosis of the native gut microbiota, four-week-old fe-
male and six- to seven-week-old male mice were treated over a four-
teen day period with a broad spectrum antibiotic cocktail consisting of
100 mg/kg ampicillin (Gold Biotechnology; St. Louis, MO), 100 mg/kg
metronidazole (MP Biomedicals; Santa Ana, CA), 100 mg/kg neomycin
sulphate (Gold Biotechnology; St. Louis, MO), and 50 mg/kg vancomy-
cin hydrochloride (Gold Biotechnology; St. Louis, MO) in sterile water
for four consecutive days and on alternate days thereafter, until nine
doses of antibiotic had been administered (summarized in Supp.
Fig. 1b) [41,42]. The antibiotic cocktail was compounded fresh daily to
minimize the degradation of antibiotics in aqueous solution and admin-
istered by oral gavage to ensure that eachmouse received the appropri-
ate dose of each drug. Antibiotics were not provided in drinking water
because mice find metronidazole unpalatable and may refuse water to
the point of fatal dehydration [42]. Control animals were not antibiotic
treated.

Faecal microbiota transplantation was performed on the three con-
secutive days immediately following the final antibiotic dose. Donor
faeces were collected from sexually mature NCI-sourced Swiss Webster
mice and Jackson Laboratory-lineage C57BL/6 J breeder pairs and ad-
ministered to both antibiotic treated and untreated control mice. Faecal
pelletswere collected directly into autoclaved Eppendorf tubes as spon-
taneously produced. A faecal slurry was generated by homogenizing
donor faecal pellets in sterile 1× phosphate-buffered saline (PBS) at a
concentration of 50mg faeces per 1ml PBS [43]. Undigested fibrousma-
terial was removed from the slurry by centrifugation (380 ×g, 30 s), and
200 μl of the resulting supernatant was administered to each recipient
mouse by oral gavage. Following each antibiotic and faecal slurry treat-
ment, miceweremoved to clean cageswith fresh bedding in an attempt
to reduce coprophagy and the bias in environmental exposure intro-
duced by the outgrowth of some types of bacteria in heavily soiled bed-
ding [44]. Neither faecal donor nor faecal microbiota transplant
recipients were fasted at any time during the experiment. Following
the completion of faecal microbiota transplant, animals were not han-
dled for at least ten days to allow mice to recover from the stress of
the antibiotic-treatment and faecal microbiota transplant protocols.

Four groups of experimental females were produced by this treat-
ment protocol. First, mice were randomly assigned to either antibiotic
or untreated control treatment groups. Subsequently, antibiotic-free
control animals were randomly assigned to receive faecal microbiota
transplant consisting of NCI (FMTNCI) or Jackson Laboratory (FMTJAX)
faeces, yielding the CTRL-FMTNCI and CTRL-FMTJAX experimental
groups, respectively. Similarly, antibiotic-treated animals were ran-
domly assigned to receive either FMTNCI or FMTJAX, resulting in the cre-
ation of ABX-FMTNCI and ABX-FMTJAX experimental groups. The
assignment of mice to each of the four possible treatment groups is
summarized in Supp. Fig. 1a.

2.3. Gut microbiota analysis

All faecal samples were collected directly from individual mice into
autoclaved Eppendorf tubes as spontaneously produced, snap frozen
in liquid nitrogen, and stored at −80 °C. DNA was isolated from faecal
samples using ZymoBIOMICS DNAMiniprep Kit (Zymo Research, Irvine,
CA) and faecal DNA concentration quantified using Qubit dsDNA HS
Assay Kit (Invitrogen).

To confirm that antibiotic treatment was efficacious and induced
dysbiosis necessary to create a niche for transplanted gutmicrobes, fae-
cal samples collected prior to initiation of antibiotic treatment and after
treatment completion (but before faecal microbiotal transplantation;
see Supp. Fig. 1b) were processed and subjected to quantitative PCR
analysis to detect relative amounts of 16S rDNA. The copy number of
faecal 16S rDNA was quantified by qPCR using SsoAdvanced Universal
SYBR Green Supermix (Bio-Rad). A standard curve for 16S rDNA was
generated using primers 16S-F (5′-AGGATTAGATACCCTGGTA-3′) and
16S-R (5′-CRRCACGAGCTGACGAC-3′) and templates amplified from
E. coli. The total bacterial loadswere determined by absolute quantifica-
tion method based on the standard curve. For quantifying the specific
microbes, qPCR was performed using following primers: 5′-GGTGTC
GGCTTAAGTGCCAT-3′/5′-CGGACGTAAGGGCCGTGC-3′ for Bacteroides-
Prevotella-Porphyromonas, 5′-CCCTTATTGTTAGTTGCCATCATT-3′/5′-
ACTCGTTGTACTTCCCATTGT-3′ for Enterococcus, and 5′-AGCAGTAGG
GAATCTTCCA-3′/5′-CACCGCTACACATGGAG-3′ for Lactobacilli. The rela-
tive abundance of gut microbes was determined by normalising CT
values of these genes to the CT values of 16S rDNA amplified from the
same samples. The resulting data (Supp. Fig. 2) confirm antibiotic
efficacy.

To comprehensively analyse faecalmicrobiol communities, matched
faecal pellets collected prior to the administration of the first antibiotic
dose and fromABX-FMTNCI and ABX-FMTJAXmice ten to twelve days fol-
lowing the completion of faecal microbiota transplantation were proc-
essed for isolation of DNA as above. A 16S rDNA library was
constructed and sequenced as previously described [45,46]. Briefly,
DNA samples were amplified by pairs of MiSeq compatible primers,
targeting the 16S rDNA V4-V5 region. The primer sequences were re-
ported previously [45]. Amplicons were purified by Omega E.Z.N.A.
Gel Extraction Kit (Omega Bio-Tek, Inc., Norcross, GA) and quantified
by Qubit 2.0 Fluorometer (Invitrogen, Grand Island, NY) and Kapa
SYBR Fast qPCR kit (Kapa Biosystems, Inc. Woburn, MA.) After pooling
equal amounts of amplicons with 10% of Phix control, the library was
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sequenced on an Illumina MiSeq (Illumina, Inc., San Diego, CA). Se-
quence analyses were performed using QIIME (v1.9.1) [47]. Briefly,
FastQ files were jointed, de-multiplexed and sequence depth for each
sample was quantified (summarized in Supp. Data File 1). The de-
multiplexed samples were then subjected to QIIME's core diversity
analysis. For the analysis of faecalmicrobiota prior to the treatments, se-
quence depth was set to 51,157 reads/sample for the subsequent anal-
yses while sequence depth of 67,808 reads/sample was applied for the
analyses of faecalmicrobiota at 7–10 days following the faecalmicrobial
transplantation. Principle coordinate analysis was first performed to in-
vestigate the global differences of microbiota composition among sam-
ples and the results were plotted using Python (V2.7.14). Alpha
diversity analyses including Chao's richness were also performed in
QIIME. Taxa were filtered by linear discriminant analysis effect size
(LEfSe) analyses with default criteria (P b 0.05 by Kruskal-Wallis test;
linear discriminant analysis (LDA) score N 2) and plotted in a cladogram
based on their phylogenetic relationship [48]. To identify potential mi-
crobial species associated with parasite burden over the course of infec-
tion, represented by parasitaemia area under the curve (AUC) values,
rarefied count values of each operational taxonomic unit across all fae-
cal sampleswere log2 transformed and subjected to pairwise Spearman
correlation analyses to determine the relationships between opera-
tional taxonomic unit (OTU) abundance and parasite burden. Sixteen
significantly correlated OTUs are presented as a heat map. All five of
the OTUs with a significant negative correlation with parasite burden
are presented, as well as the eleven OTUs with the strongest positive
correlations with parasite burden. The complete database for correla-
tion analysis results is provided as Supp. Data File 2.

2.4. Parasites, infection, and infection monitoring

The following reagent was obtained through BEI Resources Reposi-
tory, NIAID, NIH: Plasmodium chabaudi chabaudi, Strain AS, MRA-741,
contributed by David Walliker. Parasites were maintained as frozen
stock according to BEI Resource Repository guidelines and amplified in
A/J mice for the purposes of infecting experimental mice.

Gravid infected and uninfected mice were generated by pairing ex-
perimental females with sexually mature Swiss Webster stud males at
least ten days after the completion of faecal microbiota transplant
(Supp. Fig. 1b). All experimental female mice were paired with male
mice with concordant faecal microbe exposures. CTRL-FMTJAX and
ABX-FMTJAX experimental females were exclusively paired with ABX-
FMTJAX stud males, while autologously transplanted CTRL-FMTNCI and
ABX-FMTNCI experimental females were paired with unmanipulated
NCI-sourced studs. For some experiments, unmanipulated NCI-
sourced mice were used as a proxy for malaria-susceptible ABX-
FMTNCImice, as the progression of infection in NCI-sourcedmice [Morffy
Smith, in review] is indistinguishable from the course of infection ob-
served in ABX-FMTNCI mice. Unmanipulated NCI-sourced females
were also pairedwith unmanipulatedNCI-sourced studs. Paired females
were examined each morning for the presence of a copulatory plug, in-
dicative of successful mating. The day a plug was detected was consid-
ered gestational day (GD) 0. Pairing was done over a period of up to
eleven consecutive days to achieve successful mating; thus, a period of
eleven to twenty-three days elapsed between the final faecal
microbiotal transplant and initiation of the experimental phase of the
work (See Supp. Fig. 1b). Mated females were randomized into infected
and uninfected cohorts. Mated females were considered pregnant if
they exhibited at least a 10% increase in body weight by GD 8.

Infections were initiated as previously described [28–30,49,50].
Briefly, mice were infected intravenously with 103 iRBCs diluted in
200 μl of 1× PBS per 20 g of body weight. Virgin infected mice were in-
fected alongside gravid animals as controls. Gravid uninfected mice re-
ceived an intravenous injection of 200 μl 1xPBS per 20 g of body weight
to control for handling. Bodyweight and haematocrit weremeasured at
the time of infection, experimental day (ED) 0. Thus, in gravid mice, GD
0 was also ED 0. Regardless of pregnancy status, animals were
transitioned to a higher fat breeder chow (PicoLab Mouse Diet
205,058; St. Louis, MO) at GD/ED 0.

Infection and pregnancy progression were monitored by measuring
peripheral parasitaemia, haematocrit, and body weight daily between
GD/ED 6 and GD/ED 18. Peripheral parasitaemia was measured by
flow cytometry as previously described [51]. A drop of blood was col-
lected by tail snip [52]. Within 4 h of collection, blood was diluted
1:50 in normal saline, and stained with 2.5 μM SYTO 16 Green Flores-
cent Nucleic Acid Stain (ThermoFisher Scientific; Waltham, MA) for
20min at room temperature protected from light. Stained bloodwas di-
luted one to nine in normal saline and analysed using a CyAn ADP Flow
Cytometer (Beckman Coulter; Brea, CA) within 4.5 h of collection. iRBCs
were identified based on size and fluorescence intensity, and a stained
sample of uninfected blood was included each day as an internal con-
trol. Parasitaemia is reported as the percentage of iRBCs in the periph-
eral blood.

2.5. Assessment of term foetal and postnatal outcomes

At GD/ED 18, gravid infected and uninfected CTRL-FMTNCI, CTRL-
FMTJAX, ABX-FMTNCI, and ABX-FMTJAX mice, as well as identically
treated infected virgin controls, were anesthetized using 2·5%
Tribromoethanol and sacrificed by cervical dislocation. The uteri of
gravid mice were removed and dissected. Foetuses and resorptions
were counted, and foetal viability was assessed by reactive movement
to prodding with forceps. Viable pups and their placentae were individ-
ually weighed.

To evaluate postnatal fitness, we generated additional gravid in-
fected and uninfected ABX-FMTNCI and ABX-FMTJAX mice for the pro-
duction of malaria-exposed and unexposed progeny. Neonates were
fostered such that this assessment could be performed in the absence
of variable maternal morbidity, and to effectively isolate the effects of
in utero exposures to uniquematernalmalaria responses and gutmicro-
biota. At gestational term (GD 18), donor pups produced by donor in-
fected and uninfected ABX-FMTNCI and ABX-FMTJAX dams were
delivered by caesarean section, dissected out of the uterus, individually
weighed, andmassagedwith cotton swabs until clean and fully resusci-
tated. Donor pups were considered fully resuscitated when they were
breathing regularly, pink in colour, and displaying spontaneous wriggly
movement. Fully resuscitated donor pups were mixed with the native
litter of an uninfected, unmanipulated SwissWebster foster dam. Native
litters were zero to three days of age at the time of fostering. The foster
dam's native pups received footpad tattoos using a nontoxic carbon pig-
ment ink (Super Black Speedball India Ink; Statesville, NC) at the time of
fostering so that they could be differentiated from fostered pups [53,54].
Litter size was capped at 15 pups, with a minimum of three native pups
retained in the final litter. Following fostering, the cage was not dis-
turbed for four days to maximize foster dam acceptance of the fostered
pups. When the fostered pups were four days old, they were counted,
individually identified by footpad tattooing [53,54], and individually
weighed. Individual fostered pups were weighed every three days be-
tween four days of age and weaning at 22 days of age. Sex was deter-
mined visually at weaning.

2.6. Plasma and tissue collection at midgestation

Cohorts of malaria infected and uninfected ABX-FMTJAX and NCI-
sourced dams were generated to assess immunological differences in
the placental and peripheral environment in mice experiencing rela-
tively low and high parasite burdens, respectively. Mice were sacrificed
for plasma and tissue collection at GD/ED 10. Mice were anesthetized
with 2·5% Tribromoethanol. Blood was collected by venepuncture of
the caudal vena cava [55] using an Anticoagulant Citrate-Dextrose
(ACD) charged syringe. Platelet-poor plasma was isolated by double
centrifugation of whole blood containing 10% ACD v/v [56], frozen in
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liquid nitrogen, and stored at−80 °C. Following blood collection, mice
were euthanized by cervical dislocation. The uterus was removed and
weighed. Well-vascularized embryos without haemorrhaging were
considered viable. Viable embryos, nonviable embryos, and resorption
scars were counted, with nonviable embryos and resorption scars in-
cluded in the count of total embryos. Conceptuses were dissected
from the uterus, snap frozen in liquid nitrogen, and stored at −80 °C
prior to RNA isolation for gene expression analysis.

2.7. Peripheral cytokine titres

Plasma cytokine levels at midgestation were measured using the
Bio-Plex Pro™Mouse Cytokine Th17 Panel A 6-Plex kit (Bio-Rad;Hercu-
les, CA), read using the Bio-Rad Bio-Plex® 200 system (Bio-Rad; Hercu-
les, CA), and analysed with Bio-Plex Manager™ software (Bio-Rad;
Hercules, CA).

2.8. Conceptus gene expression

GD/ED 10 conceptuses were homogenized in lysis buffer using the
TissueMiser (Fisher Scientific; Waltham, MA) or Bullet Blender Gold
(Next Advance; Troy, NY) prior to RNA isolation using the RNeasy Plus
Mini Kit (Qiagen; Germantown, MD). Three or more conceptuses were
pooled per dam. cDNA was subsequently synthesized using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems; Foster
City, CA). Relative mRNA abundance was determined using Power
SYBR® Green Supermix (Applied Biosystems; Foster City, CA) and the
C1000 Touch Thermal Cycler (cytokine-encoding genes and Ubc;
CFX96 Real Time Systems, Bio-Rad, Hercules, CA) or the Roche Light Cy-
cler 96 (genes encoding cell type markers and Gapdh; Roche,
Indianapolis, IN). Samples were assayed in duplicate for all genes. Aver-
age threshold cycle (Ct) values for genes of interest were normalized to
average Ubc or Gapdh Ct values. The expression of genes encoding cyto-
kines were internally normalized to Ubc expression levels, while the ex-
pression of genes characteristic of leukocyte subsets was normalized to
Gapdh expression levels. The ΔΔCt method was used to determine the
relative transcript abundance of each gene of interest [57]. Gene expres-
sion in infected NCI-sourced, uninfected ABX-FMTJAX, and infected ABX-
FMTJAXmice is presented relative to themean expression value in unin-
fected NCI-sourced mice. All primer sequences and amplicon sizes are
listed in Supplementary Table 1.

2.9. Malarial pigment/haemozoin quantification and histopathology

Embryos were preserved within the uterus for histological analysis.
Briefly, tissue was removed at sacrifice and fixed in 4% buffered forma-
lin. A small amount of formalin was injected into the uterus to ensure
complete penetration of the fixative. Tissueswere dehydratedwith eth-
anol, cleared in xylenes, and infiltrated in paraffin, and embedded.
Seven μm sections were stained with haematoxylin and eosin, to assess
histopathological features, or Giemsa, to assess haemozoin deposition.
Haemozoin deposition in the placental junctional zone was measured
using a Keyence BZ-X710 microscope with BZ-X Analyzer software.
Using a 60× oil objective, images representing an area measuring 242
μm × 181 μm were captured across 3–5 individual placentae. Total
space captured among ABX-FMTJAX mice measured 3,907,138 ±
1,426,561 μm2 and in NCI-sourced mice, 4,134,909 ± 629,135 μm2

(mean ± SD; P N 0·05). Using BZ-X analyzer software, acellular spaces,
representingmaternal blood space not occupied by cells, were excluded
to allow calculation of tissue/cell area occupied by haemozoin, detected
by hue. Haemozoin found in iRBCs,maternal proinflammatory cells, tro-
phoblast, and fibrin was enumerated and percent area occupied calcu-
lated according to the formula: (area of haemozoin/total area
assessed) x 100. Total acellular space, taken as a proxy for maternal
blood spaces, was calculated by subtracting the total assessed space
from the total captured space and was adjusted to a per image basis
by dividing by total image number. Any images having at least one
prominent maternal blood canal were tallied.

2.10. Statistics

Descriptive statistical analyses were performed using GraphPad
Prism 7 (GraphPad Software; La Jolla, California). All raw clinical data
are presented as mean ± SEM. Error bars are not depicted if the error
bars are shorter than the height of the symbol. AUC was calculated for
the curves depicting parasitaemia, haematocrit, and percent starting
weight between GD 0 and GD 18 for each mouse. Data are shown as
scatter plots (with a bar or line representing themean) or box andwhis-
ker plots with whiskers indicating the 10th and 90th percentiles and in-
dividual points denoting outliers. Proportions were compared using the
two-tailed Fisher exact test. P values ≤ 0·05 were considered statisti-
cally significant. Normally distributed data were analysed using para-
metric statistics and non-normally distributed data were analysed
using nonparametric statistics, all with appropriate post-hoc tests for
multiple comparisons as outlined in figure legends.

Mixed linear models analysis (SAS 9·4) was used to estimate differ-
ences in term foetal and placentalweights as a function of dam infection
severity, and postnatal pup growth as a function of dam treatment and
infection severity. In both cases, the interrelatedness of pups born to the
same dam was controlled with a random term for the dam. Best fit for
the former model was obtained with the inclusion of antibiotic treat-
ment (binary variable), faecal microbiota transplant group (binary var-
iable), and parasitaemia AUC value (continuous variable); number of
viable pups per dam, and interaction terms between antibiotic treat-
ment status and faecal microbiota transplant group, parasitaemia AUC
and faecal microbiota transplant group and parasitaemia AUC and anti-
biotic treatment statuswere tested but omitted as they did not improve
model fit. The latter model assessed trends over time for changes in pup
growth; repeated measures in the pups were accommodated with a re-
peat command and the relatedness of pups born to the same dam was
accounted for with a random term for the dam. Model fitting revealed
that the number of pups at weaning, and age at weight measurement,
with associated interaction terms with the latter, influenced trends in
weight gain. Maternal infection status and maternal treatment group
were not significant in initial models but are depicted in the figure for
illustration purposes.

3. Results

3.1. The composition of the gut microbiota is shaped by faecal microbiota
transplantation following broad-spectrum antibiotic treatment

Faecal samples were collected from experimental mice prior to anti-
biotic treatment, following the completion of antibiotic treatment but
prior to faecal microbiota transplantation, and ten to twelve days after
the completion of antibiotic treatment and faecal microbiota transplant.
Comparison of samples collected before antibiotic treatment to those
collected after that treatment was completed confirmed that treatment
significantly reduced overall bacterial load (Supp. Fig. 2a), with several
specific bacterial genera being reduced to low or undetectable levels
(Supp. Fig. 2b). As expected, such reductions were not evident in mice
not treated with antibiotics (Supp. Fig. 2).

Samples collected prior to antibiotic treatment and post-faecal mi-
crobiota transplantation from animals that were later allocated to
malaria-infected virgin or gravid cohorts were analysed to determine
the impact of treatment on the composition of the gut microbiota.
Global changes in the composition of the gut microbiota were deter-
mined by UniFrac analysis. Principle coordinate analysis revealed no
separation between microbial communities collected from individual
mice prior to treatment (Supp. Fig. 3a). Likewise, at this time point,
mice that were ultimately allocated to both treatment groups possessed
similar proportions of faecal microbes belonging to the dominant phyla
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(Supp. Fig. 3d). Despite the shared origin and identical treatment of
mice prior to the initiation of antibiotic treatment, mice that were
later allocated to the ABX-FMTNCI treatment group exhibited reduced
faecalmicrobial diversity, as indicated by significantly lower Chao1 rich-
ness, observed operational taxonomic units, and Shannon Index values
compared to mice later allocated to the ABX-FMTJAX treatment group
(Supp. Fig. 3b).

Following a rest period of ten to twelve days post-FMT, gutmicrobial
communities from mice that received ABX-FMTNCI and ABX-FMTJAX

clustered separately by principle coordinate analysis, indicating that an-
tibiotic treatment followed by FMTNCI or FMTJAX administration resulted
in distinct communities of gut microbes (Fig. 1a and Supp. Fig. 4). Re-
duced faecal microbial diversity was observed in mice that received
ABX-FMTJAX relative to mice that received ABX-FMTNCI, indicated by a
significant reduction in Chao1 richness, observed operational taxo-
nomic units, and Shannon Index values in ABX-FMTJAX recipients
(Fig. 1b). By LEfSe analysis, some taxa, including Lactobacillaceae,
Fig. 1.Mice receiving ABX-FMTNCI and ABX-FMTJAX have distinct gutmicrobiota compositions. a
in ABX-FMTJAX and ABX-FMTNCI mice approximately one week following the completion of FM
Summary box plots of Chao1 richness, observed OTUs, Shannon Index, and Evenness. Signifi
Shannon Index (t-test, P ≤ 0·01), and Evenness (t-test, P ≤ 0·05) are observed between gro
abundant taxa between faecal samples collected from ABX-FMTJAX and ABX-FMTNCI mice. On
Different levels of taxa categorized in the same phylogenetic branch, with the same LDA scor
slash and the middle levels are left out. *P ≤ 0·05; **P ≤ 0·01; ***P ≤ 0·001.
Rikenellaceae and Ruminococcaceae were enriched in ABX-FMTNCI

mice, while Erysipelotrichaceae and Bacteroidaceae were enriched in
ABX-FMTJAX mice (Fig. 1c).

The composition of the faecal microbiota was also evaluated in a
group of antibiotic-treated FMT recipient mice sacrificed at GD/ED 18.
These results show that FMT donor exerts a more significant influence
on the composition of the gut microbiota than pregnancy status
(Supp. Fig. 5).

3.2. Functional gut microbiota determines malaria infection severity in out-
bred Swiss Webster mice

In gravid and virgin SwissWebster mice, the composition of the gut
microbiota may determine susceptibility to malaria infection. On aver-
age, gravid infected ABX-FMTNCI mice achieved a peripheral peak
parasitaemia of approximately 40% (Fig. 2a), consistent with the para-
site burdens observed in unmanipulated SwissWebstermice purchased
) Three-dimensional plot of principal coordinate analysis (PCoA) ofmicrobial communities
T. Fainter colours correspond to points that are further from the page along the z-axis. b)
cant differences in Chao1 richness (t-test, P ≤ 0·001), observed OTUs (t-test, P ≤ 0·001),
ups. c) Histogram of linear discriminant analysis (LDA) reveals the most differentially
ly taxa meeting the criteria (P b 0·05 by Kruskal-Wallis test; LDA score N 2) are shown.
es, are collapsed in the same bar of which the highest and lowest levels are separated by
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from NCI [Morffy Smith, in review]. In contrast, gravid infected ABX-
FMTJAX mice achieved a peripheral peak parasitaemia of approximately
13% (Fig. 2a). Over the course of infection, a statistically significant re-
duction in parasite burden was observed in gravid infected ABX-
FMTJAX mice compared to gravid infected ABX-FMTNCI mice (Fig. 2d).

Malaria infection was associated with the development of malarial
anaemia in gravid ABX-FMTNCI and ABX-FMTJAX mice around the time
of peak infection (Fig. 2b). A significant reduction in haematocrit was
observed in both gravid infected ABX-FMTNCI and ABX-FMTJAX mice
compared to uninfected controls (Fig. 2e). Over the course of infection,
gravid infected ABX-FMTNCI mice displayed a statistically significant re-
duction in haematocrit compared to gravid infected ABX-FMTJAX mice
(Fig. 2e), reflecting the higher parasite burdens observed in the former
(Fig. 2d). In the absence of infection, treatment group did not signifi-
cantly influence haematocrit over the course of the experiment
(Fig. 2e).

Gestational weight change also reflected parasite burden. Gravid in-
fected ABX-FMTNCI mice displayed reduced weight gain between GD/
EDs 9 and 11, corresponding with the time of peak infection (Fig. 2c).
Fig. 2. Parasitaemia, haematocrit, andweight change in gravid ABX-FMTNCI and ABX-FMTJAX Sw
mice was estimated by flow cytometry and is presented as the percentage of iRBCs in the per
+ mice and uninfected (Mal-) controls. c) Weight change in gravid Mal + mice and Mal- co
post-mock infection. d) Area under the curve (AUC) was calculated for the parasitaemia cur
observed between Mal + ABX-FMTNCI and ABX-FMTJAX dams (Mann Whitney test, P b 0·001
significant differences in haematocrit are observed between Mal + and Mal- ABX-FMTNCI d
between infected ABX-FMTNCI and infected ABX-FMTJAX dams (P b 0·001; one-way ANOVA w
curve of each individual animal. Statistically significant differences in weight change are obser
FMTNCI and infected ABX-FMTJAX dams (P b 0·001; one-way ANOVA with Bonferroni multipl
18; Gravid Mal+, ABX-FMTJAX n = 16; Gravid Mal-, ABX-FMTJAX n = 15; *** P ≤ 0·001; ns P N
This stasis in weight gain was not observed in gravid infected ABX-
FMTJAX animals or gravid uninfected controls (Fig. 2c). Although gravid
infected ABX-FMTNCI mice resumed weight gain at GD/ED 12, they did
not fully recover relative to the other groups of gravid mice (Fig. 2f).
Among gravid ABX-FMTJAX animals, malaria infection was not associ-
ated with a statistically significant reduction in weight change over
the course of gestation (Fig. 2f). Alterations in pregnancy-associated
weight gain were not attributable to differences in weight at the start
of the experiment (Supp. Fig. 6).

In the absence of antibiotic pretreatment, FMT source did not influ-
ence infection severity (Supp. Fig. 7). Gravid infected CTRL-FMTNCI and
CTRL-FMTJAX mice developed similar parasite burdens over the course
of gestation (Supp. Fig. 7d). Malaria infection was associated with a sig-
nificant reduction in haematocrit over the course of gestation, but a sig-
nificant difference in haematocrit was not observed between gravid
infected CTRL-FMTNCI and CTRL-FMTJAX mice, reflecting the similar par-
asite burdens observed in these cohorts (Supp. Fig. 7e). No significant
changes in body weight were observed over the course of gestation ei-
ther as a function of treatment group or infection status (Supp.
issWebstermice. a) Parasitaemia in gravid infected (Mal+) ABX-FMTNCI and ABX-FMTJAX

ipheral blood. b) Percent haematocrit was measured throughout infection in gravid Mal
ntrols is presented as the percentage of body weight relative to 0 days post-infection or
ve of each individual animal. A statistically significant difference in parasite burdens is
). e) AUC was calculated for the haematocrit curve of each individual dam. Statistically
ams (P b 0·001), between infected and uninfected ABX-FMTJAX dams (P b 0·001), and
ith Bonferroni multiple group comparisons). f) AUC was calculated for the weight change
ved between Mal + and Mal- ABX-FMTNCI dams (P b 0·001), and between infected ABX-
e group comparisons). Gravid Mal+, ABX-FMTNCI n = 18; Gravid Mal-, ABX-FMTNCI n =
0·05.
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Fig. 7f). Treatment group did not significantly alter haematocrit or
weight change in gravid uninfected mice (Supp. Fig. 7e, f) nor were
body weights among the groups different at the time of infection (GD/
ED 0; Supp. Fig. 6).

The results observed in virgin infected mice were similar to those
seen in identically treated gravid infected mice, with ABX-FMTJAX have
lower parasitaemia and less severe anaemia relative to ABX-FMTNCI

mice (Supp. Fig. 8d, e). Unlike gravid mice, however, no significant
change in weight was observed over the course of infection among
the treatment groups (Supp. Fig. 8f).

3.3. Specific operational taxonomic units are correlated with parasite
burden

To assess the extent towhich specificmembers of the gutmicrobiota
are associated with susceptibility to malaria infection, the Spearman
correlation between the abundance of specific OTUs and parasite bur-
den, represented by parasitaemia AUC, was determined. The five OTUs
significantly negatively correlated with parasite burden and the 11
OTUs with the strongest significant positive correlations with parasite
burden are depicted in Fig. 3.

Fifty-six OTUs were positively correlated with parasite burden
(Supp. Data File 2). Of these OTUs, twenty-six were classified as S24-7
familymembers, of which the total relative abundanceswere not signif-
icantly different between the groups ofmice. In addition, OTUs classified
as members of the order Clostridiales, including members of
the Lachnospiraceae and Ruminococcaceae families, were prominently
represented within this group. Intriguingly, the OTU (New.
ReferenceOTU1914) with the strongest positive correlation with para-
site burden (R = 0·866, adjusted p = 1·29E-06) was unassigned.
Among the ten OTUs with the next strongest positive correlations
with parasite burden were OTUs classified as members of the genus
Adlercreutzia (New.ReferenceOTU483), the genus Lactobacillus
(OTU266445), the S24-7 family (New.ReferenceOTU423, New.
ReferenceOTU616, New.ReferenceOTU1498), the Ruminococcaceae
family (New.ReferenceOTU42, New.CleanUp.ReferenceOTU292001),
the Lachnospiraceae family (New.ReferenceOTU1031), the Rike-
nellaceae family (New.ReferenceOTU1530), and the order Clostridiales
(New.ReferenceOTU778). Consistent with these results, Adlercreutzia
species, Lactobacillus species, Ruminococcaceae family members, and
Rikenellaceae family members were found to be more abundant in
ABX-FMTNCI faeces relative to ABX-FMTJAX faeces by LEfSe analysis
(Fig. 1c).
Fig. 3. Correlation between parasite burden and OTU abundance in ABX-FMTNCI and ABX-FMTJ

mice between experimental days−10 to−1 for faecal microbiota analysis. The log2-transform
course of infection, represented by parasitaemia area under the curve (AUC), are depicted as a
Only fiveOTUswere significantly negatively associatedwith parasite
burden; two classified as S24-7 family members (OTU214699 and
OTU341448), one classified as Allobaculum (OTU277143), one classified
as Lactobacillus (New.ReferenceOTU332), and one classified as
Akkermansia muciniphila (OTU273232). Interestingly, while LEfSe anal-
ysis revealed the greater abundance of Allobaculum and Akkermansia
species in ABX-FMTJAX faeces, Lactobacillus species were more highly
represented in ABX-FMTNCI faeces (Fig. 1c).

3.4. Maternal infection severity influences foetal viability at gestational
term

Dams were sacrificed on GD/ED 18 and uteri removed to count foe-
tuses and assess foetal viability. Spontaneousmidgestational pregnancy
loss due to infectionwas observed in some dams. Of the dams sacrificed
to assess foetal weight and viability at term, 9% (1/11) of gravid infected
ABX-FMTNCI mice, 25% (2/8) of gravid infected CTRL-FMTNCI mice, and
29% (2/7) of gravid infected CTRL-FMTJAX mice did not have foetuses
or resorptions in the uterus at term despite displaying weight gain con-
sistent with pregnancy at GD 8. These mice were assumed to have suf-
fered spontaneous pregnancy loss, expelling their embryos around the
time of peak infection. Such mice were excluded from further analysis.
No matedmice allocated to gravid infected ABX-FMTJAX or gravid unin-
fected cohorts failed to produce foetuses at term.

Themean numbers of total and viable foetuses produced by individ-
ual ABX-FMTNCI and ABX-FMTJAX dams did not differ significantly as a
function of infection status or infection severity (Supp. Fig. 9a). How-
ever, in populations of foetuses pooled by maternal treatment group
and infection status, lower parasite burdens were associated with im-
proved foetal outcomes. Infected ABX-FMTJAX mice displayed a ten-
dency towards higher foetal viability (n = 10 dams, 96/112 or 86%
viability) relative to infected ABX-FMTNCI dams (n = 11 dams, 90/132
or 68% viability; P=0·0540, two-tailed Fisher exact test). No significant
difference in foetal viability was observed between treatment groups in
the absence of infection. Uninfected ABX-FMTJAX mice produced a sim-
ilar proportion of viable foetuses (n = 10 dams, 112/126 or 89% viabil-
ity) as uninfected ABX-FMTNCI mice (n = 9 dams, 101/116 or 87%
viability; P=0·6959, two-tailed Fisher exact test), indicating that treat-
ment itself did not impact foetal outcomes.

Themean numbers of total and viable foetuses produced by individ-
ual CTRL-FMTNCI and CTRL-FMTJAX dams did not differ significantly as a
function of infection status or treatment group (Supp. Fig. 10a). When
foetuses were pooled by dam group, no significant difference in foetal
AX mice. Faecal pellets were collected from infected (Mal+) ABX-FMTNCI and ABX-FMTJAX

ed rarefied count values of OTUs that significantly correlate with parasite burden over the
heat map (Spearman Correlation, FDR q b *0·05; **q ≤ 0·01; *** q ≤ 0·001).
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viability was observed between infected CTRL-FMTJAX mice (n = 5
dams, 57/69 or 83% viability) and infected CTRL-FMTNCI mice (n = 6
dams, 68/81 or 84% viability; P = 0·8300, two-tailed Fisher exact
test), consistent with the similar parasite burdens observed in these an-
imals (Supp. Fig. 7d). In addition, no significant difference in foetal via-
bility was observed between uninfected CTRL-FMTNCI mice (n = 6
dams, 72/79 or 91% viability) and uninfected CTRL-FMTJAX mice
(n = 6 dams, 67/71 or 94% viability; P = 0·5400, two-tailed Fisher
exact test).

3.5. Maternal infection severity influences foetal weight at gestational term

Following the sacrifice of infected and uninfected dams at GD/ED 18,
viable foetuses and placentae were weighed to assess the impact of ma-
ternal infection on foetal growth. Mixed linear models were utilized to
assess the impact of infection severity, antibiotic treatment, and FMT
group on foetal weights while accounting for the lack of independence
between littermates. Parasite burden, represented by parasitaemia
AUC value (Fig. 2d, Supp. Fig. 7d), antibiotic treatment status, and faecal
microbiota transplant group account for 34·3% of the variance in foetal
weight between dams (P b 0·001).With antibiotic treatment status and
faecal microbiota transplant group held constant, each unit increase in
parasitaemia AUC was found to be associated with a−0·0003 g reduc-
tion in the weight of each foetus on average (P = 0·0027). Summary
data depicting foetal weights pooled by dam cohort for all groups of in-
fected and uninfected antibiotic-treated (Supp. Fig. 9b) and antibiotic-
free control dams (Supp. Fig. 10b) are presented for the purposes of
visualization.

Maternal antibiotic treatment status also exerted a significant influ-
ence on foetal weight. Antibiotic treatment was found to be associated
with a 0·1417 g increase in the weight of each foetus on average (P =
0·0009) when parasitaemia AUC value and FMT treatment group
were held constant. However, this weight increase is neutralized if
parasitaemia AUC is considered (interaction term, P = 0·0049; weight
increase, 0·0002 g).

Placental weight was not significantly influenced by any of the vari-
ables included in analysis. For visualization, placental weight data are
depicted in summary form, pooled by maternal infection status and
treatment group (Supp. Fig. 9c, Supp. Fig. 10c). Foetal and placental
weights are also shown by individual dams (Supp. Fig. 11) to demon-
strate the variability within and between dams in a cohort.

3.6. Maternal infection severity influences neonatal survival in the first days
of life, but surviving pups develop normally prior to weaning

To evaluate postnatal growth in the absence of variable maternal
morbidity, pups produced by ABX-FMTNCI and ABX-FMTJAX donor
dams were delivered by caesarean section and placed with unmanipu-
lated NCI-sourced Swiss Webster foster dams with zero- to three-day-
old litters. Fostering success and fostered pup survival at weaning are
described in Table 1. Of the successfully mated females that met the
Table 1
Fostering success and survivorship. A significant difference in the proportion of total pups suitab
infected mice (two-tailed Fisher exact test). Similarly, a significant difference in the proportion
only between cohorts of infected mice (two-tailed Fisher exact test).

Group Dams producing live foetuses/Total
dams

P No. resuscitate
neonates

Uninfected
ABX-FMTNCI

8/8 1 82/96 (85%)

Uninfected
ABX-FMTJAX

5/5 42/51 (82%)

Infected ABX-FMTNCI 7/13 0·1093 28/61 (46%)
Infected ABX-FMTJAX 6/6 61/64 (95%)

Bold font indicates statistical significance.
weight gain threshold for pregnancy, pregnancy loss was only observed
within the infected ABX-FMTNCI cohort (Table 1).

Although foster dams were not disturbed for three days following
fostering to minimize stress-induced pup loss, foster pup attrition dur-
ing this early postnatal period was substantial in all groups (Table 1).
Survival to four days of age and weaning age did not differ significantly
between the fostered progeny of uninfected ABX-FMTNCI dams and un-
infected ABX-FMTJAX dams (Table 1). However, a significant reduction
in fostered pup survival was observed in the progeny of infected ABX-
FMTNCI dams compared to infected ABX-FMTJAX dams by day four
(Table 1), suggesting that maternal infection severity is inversely re-
lated to early postnatal fitness.

When the fostered pups reached 4 days of age, they were individu-
ally identified by footpad tattooing and weighed every 3 days until
weaning at 22 days of age. Trends in pup growth were analysed by lin-
ear mixed models. No significant relationships between maternal para-
site burden or maternal treatment group and pup growth trends were
detected, but themodel did reveal that the number of total pups (native
and fostered) in the litter at weaning significantly influenced the pup
growth trajectory. Furthermore, the sex of the pup exerted an effect
that varied over time (interaction term, P=0·0277). Raw pup weights
are depicted (Supp. Fig. 12) for the purposes of data visualization only.
Although neither dam infection severity nor treatment group influ-
enced trends in pup growth, pup weights are presented grouped by
dam cohort for the purposes of illustration.

Pupswere visually sexed at weaning. No significant difference in sex
ratio was observed between infected dams (Supp. Table 2).
3.7. Peripheral cytokine levels are not significantly impacted by maternal
infection severity or pregnancy

While dams receiving ABX-FMTJAX treatment and their progeny ap-
pear to be protected from the high parasite burdens and poor birth out-
comes observed in highly susceptible ABX-FMTNCI dams, the
mechanisms underlying this protective effect are unknown. To explore
the immunological differences between cohorts that could explain
these differences, the peripheral inflammatory environment around
the time of peak infection in dams experiencing relatively high and rel-
ative low parasite burdenswas explored. GD/ED 10was particularly de-
sirable for this analysis since it corresponds to a period of weight stasis
in ABX-FMTNCI but not ABX-FMTJAXmice (Fig. 2c). Unlike the previously
described experiments, unmanipulated NCI-sourced mice were used as
malaria-susceptible comparators for the relatively resistant ABX-FMTJAX

mice. NCI-sourcedmice are a suitable proxy for ABX-FMTNCI mice as the
development of P. chabaudi chabaudi AS infection is similar in these co-
horts [Morffy Smith, in review]. Levels of IFN-γ, TNF-α, IL-1β, IL-6, and IL-
17A, as well as IL-10, were analysed in the peripheral plasma of gravid
and virgin Mal + NCI-sourced and ABX-FMTJAX mice at GD/ED 10
(Fig. 4). Notably, no significant differences in levels of any of the afore-
mentioned cytokines were observed as a function of gut microbiota-
mediated susceptibility to infection or pregnancy status.
le for fosteringwas observed betweenmaternal treatment groups only between cohorts of
of fostered pups surviving to weaning was observed between maternal treatment groups

d/Total P Pup no. 4, 22 days of
age

Weaned/Fostered
pups

P

0·6394 48, 47 47/81 (58%) 0·4365

29, 28 28/42 (67%)

b0·0001 10, 9 9/26 (35%) 0·0014
45, 44 44/60 (73%)



648 C.D. Morffy Smith et al. / EBioMedicine 44 (2019) 639–655
3.8. Maternal malaria infection severity influences the uterine environment

Although differences in peripheral cytokine titres were not observed
as a function of infection severity, the local immunologicalmilieuwithin
the uteruswas investigated to determine if relatively high or lowmater-
nal parasite burdens altered the intrauterine environment around the
time of peak infection. Malaria-exposed conceptuses and unexposed
controls collected from NCI-sourced dams and ABX-FMTJAX dams at
GD/ED 10were subjected to gene expression analysis to assess local cy-
tokine production as well as the abundance of monocytes, neutrophils,
and natural killer (NK) cells. Monocytes were selected for investigation
becausemonocyte infiltration, or intervillositis, is considered character-
istic of gestational malaria infection in humans, and is positive associ-
ated with poor birth outcomes [11,12,15,58]. Neutrophils were
selected because the accumulation of these cells has also been reported
in P. falciparum-infected placentae [59]. Finally, NK cells were selected
because these cells are a major cell subset in the uterus that play a crit-
ical role in normal placental development (reviewed by Faas and deVos,
2017) [60].

Transcripts of cytokines including IFN-γ, TNF-α, IL-1β, and IL-10,
and the chemokine MCP-1/CCL2, did not vary between groups in the
Fig. 4. Plasma cytokine titres in virgin and gravid P. chabaudi chabaudi AS-infected NCI-sourced
plasma were observed as a function of pregnancy status or treatment group in malaria-infecte
Wallis test with Dunn's post-test for multiple comparisons). a. IFN-γ. b. IL-1β. c. IL-10. d. TN
Virgin Mal + NCI-sourced n = 5; Gravid Mal + NCI-sourced n = 5; ns P N 0·05.
absence of infection (Fig. 5a). In conceptuses collected from both groups
of malaria-infected dams, the expression of Ifng was significantly ele-
vated compared to uninfected treatment-matched controls. Among
conceptuses collected from NCI-sourced dams, exposure to malaria in-
fection was associated with a significant increase in Il10 expression
(Fig. 5a). Among ABX-FMTJAX conceptuses exposed to lower parasite
burdens, infection was not associated with elevated Il10 expression
(Fig. 5a). No differences in Tnf and Il1b expression were observed in re-
sponse to infection, regardless of disease severity (Fig. 5a).

Mgl2, Ncf2, and Klrd1 are expressed by macrophages, neutrophils,
and NK cells, respectively [61]. The relative abundance of these cell
types was determined by assessing the transcript abundance of these
genes. Ncf2 and Klrd1 expression was similar across groups (Fig. 5b).
In contrast,Mgl2 expression was elevated in malaria-infected dams rel-
ative to controls, though the enhancement reached statistical signifi-
cance only in ABX-FMTJAX dams (Fig. 5b). Notably, three NCI-sourced
dams exhibited exceptionally high Mgl2 transcript levels (Fig. 5b). A
few factors could result in the significant variance observed within the
cohort. First, the malaria-exposed NCI-sourced conceptuses exhibiting
the highest Mgl2 expression had relatively high parasite burdens at
the time of sacrifice (Fig. 5c), with parasitaemia being significantly
and ABX-FMTJAXmice. No significant differences in cytokine titres measured in peripheral
d (Mal+) and uninfected (Mal-) gravid and virgin mice at GD/ED 10 (P N 0·05; Kruskal-
F. e. IL-6. f. IL-17A. Virgin Mal + ABX-FMTJAX n = 4; Gravid Mal + ABX-FMTJAX n = 6;



Fig. 5.Malaria-induced expression of cytokine, chemokine, and cell-type specific genes in
P. chabaudi chabaudi AS-exposed conceptuses. Gene expression was evaluated in
conceptuses collected from malaria-infected (Mal+) and uninfected (Mal-) dams
sacrificed at GD/ED 10. a. Transcript levels of mouse Ifng, Tnf, Il1b, Il10, and Ccl2 were
quantified by qPCR. Transcript abundance in all samples was internally normalized to
Ubc. Transcription in Gravid Mal + NCI-sourced, Gravid Mal- ABX-FMTJAX, and Gravid
Mal + ABX-FMTJAX samples is presented relative to transcription in Gravid Mal- NCI-
sourced samples. Statistically significant differences in the expression of Ifng are
observed between malaria-infected (Mal+) and uninfected (Mal-) NCI-sourced mice (P
= 0·0045) and ABX-FMTJAX mice (P = 0·0397; Kruskal-Wallis test with Dunn's post-
test for multiple comparisons). A statistically significant difference in the expression of
Il10 is observed between Mal + and Mal- NCI-sourced (P = 0·003; Kruskal-Wallis test
with Dunn's post-test for multiple comparisons). Gravid Mal- NCI-sourced n = 7;
Gravid Mal + NCI-sourced n = 9; Gravid Mal- ABX-FMTJAX n = 5; Gravid Mal + ABX-
FMTJAX n = 8. b. Transcript levels of mouse Mgl2, Ncf2, and Klrd1 were quantified by
qPCR. Transcript abundance in all samples was internally normalized to Gapdh.
Transcription in Gravid Mal + NCI-sourced, Gravid Mal- ABX-FMTJAX, and Gravid Mal
+ ABX-FMTJAX samples is presented relative to transcription in Gravid Mal- NCI-sourced
samples. A statistically significant difference in the expression of Mgl2 is observed
between Mal + and Mal- NCI-sourced (P = .0027; Kruskal-Wallis test with Dunn's
post-test for multiple comparisons). Mgl2: Gravid Mal- NCI-sourced n = 4; Gravid Mal
+ NCI-sourced n = 11; Gravid Mal- ABX-FMTJAX n = 4; Gravid Mal + ABX-FMTJAX n =
7. Ncf2 and Klrd1: Gravid Mal- NCI-sourced n = 6; Gravid Mal + NCI-sourced n = 6;
Gravid Mal- ABX-FMTJAX n = 4; Gravid Mal + ABX-FMTJAX n = 7. c. Transcript
abundance of Mgl2, presented as fold change, is presented as a function of peripheral
parasitaemia at the time of sacrifice. Points, representing conceptuses collected from
individual dams, are scaled according to parasitaemia AUC value, with larger points
corresponding to higher parasite burdens over the course of the experiment (GD/ED 0
to GD/ED 10). A statistically significant relationship between Mgl2 fold change and
parasitaemia at the time of sacrifice is observed by linear regression analysis (P =
0·001). Gravid Mal + NCI-sourced n = 11; Gravid Mal + ABX-FMTJAX n = 7. * P b

0·05; ** P b 0·01.
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associated with transcript levels (P b 0.001, by linear regression analy-
sis). Second, these conceptuses were derived from dams whose
parasitaemia had not yet peaked; those with lower Mgl2 transcript
levels had experienced peak infection on the previous day, suggesting
that Mgl2 expression may decline following the achievement of peak
parasitaemia. Interestingly,Mgl2 expression at this timepointwas inde-
pendent of the overall parasite burden (AUC from GD/ED 0 to 10) expe-
rienced by the dams (Fig. 5c).

To visualize inflammatory cell abundance in the midgestational pla-
centae, haematoxylin and eosin-stained thin sections of NCI-sourced
and ABX-FMTJAX conceptuses were examined microscopically. Two
samples with comparable peripheral and placental parasitaemia are
depicted to illustrate that inflammatory cell infiltrate in maternal
blood sinusoids is enhanced in NCI-sourced relative to ABX-FMTJAX

mice (Fig. 6a, b). Remarkably, most of these cells in the former group
contained phagocytosed haemozoin. To further characterize accumula-
tion of haemozoin in malaria-infected placentae, micrographs were
subjected to image analysis. Relative to ABX-FMTJAX conceptuses, NCI-
sourced placentae tended to bear higher haemozoin loads (Fig. 7a), con-
sistent with the higher parasite burdens observed in these animals.

In addition to facilitating haemozoin enumeration, our analysis also
revealed a significant reduction in maternal vascular space in malaria-
infected NCI-sourced relative tomalaria-infected ABX-FMTJAX placentae
(Fig. 7b). This finding was corroborated by direct tallies of prominent
maternal blood sinuses in images of placental junctional zone in the
two groups;whereas 143/446 (32·1%)micrographs of ABX-FMTJAX pla-
centae revealed maternal blood spaces, only 94/472 (19·9%) micro-
graphs of NCI-sourced mice had similar evidence (P b 0·0001).

4. Discussion

Genetic traits exert significant influence on the susceptibility ofmice
to experimental malaria infection. Studies utilizing inbred mice reveal
that some strains of congenic mice, including A/J and BALB/c, are rela-
tively susceptible to P. chabaudi chabaudi AS infection, while C57BL/6 J
and CBA mice are relatively resistant to malaria [62]. Strain-dependent
differences in susceptibility persist in the context of pregnancy. Preg-
nant A/J mice are more susceptible to malaria infection than pregnant
C57BL/6 J mice following infection in early gestation (GD 0), although
both A/J and C57BL/6 mice uniformly abort their pregnancies at
midgestation [31]. The production of recombinant inbred strains by
crossingmice fromdifferent strains enabled the identification of genetic
loci governingmurine susceptibility to P. chabaudi chabaudiAS infection
[62]. Strikingly, the present study finds that the composition of the gut
microbiota informs malaria infection severity in a genetically diverse
population of outbred SwissWebster mice, indicating that genetic traits
are not the only factors governing susceptibility to murine malaria
infection.

We report that the composition of the gutmicrobiota supersedes ge-
netic determinants of malaria infection severity and pregnancy out-
come in an outbred mouse model for gestational malaria. Compared
to Swiss Webster mice that received a susceptibility-conferring faecal
microbiota transplant following antibiotic treatment (ABX-FMTNCI),
SwissWebster mice that received amalaria resistance-conferring faecal
microbiota transplant following antibiotic treatment (ABX-FMTJAX)
subsequently developed lower parasite burdens during pregnancy and
were protected from malarial anaemia and infection-associated reduc-
tions in gestational weight gain. Furthermore, the reduction in parasite
burden observed in ABX-FMTJAX mice was associated with improved
foetal and postnatal outcomes.

The larger maternal parasite burdens observed in ABX-FMTNCI,
CTRL-FMTNCI, and CTRL-FMTJAX mice compared to ABX-FMTJAX dams
had amodest negative impact on foetal weight at term. In contrast, ma-
ternal antibiotic treatment was associated with a relatively large in-
crease in foetal weight at term, regardless of gut microbiota donor or
parasite burden, though this effect was significant tempered by



Fig. 6.Micrographs ofmalaria-infectedplacental sections atGD/ED10. a. Placental junctional zone of anNCI-sourced damwith 23·0%peripheral and 31·6%placental parasitemia, showing
maternal blood sinusoids (MBS) with numerous iRBCs (arrowheads) and maternal inflammatory cells, most containing phagocytosed haemozoin (arrows). Some haemozoin in
trophoblasts is evident in this view (diamond arrows). b. Placental junctional zone of an ABX-FMTJAX dam with 25·9% peripheral and 29·3% placental parasitemia, showing a MBS
with iRBCs (arrowheads) and infrequent maternal inflammatory cells containing phagocytosed haemozoin (arrows). c. Placental junctional zone of an uninfected NCI-sourced dam. No
leukocytes are evident in the MBS in this view. d. Placental junctional zone of an uninfected ABX-FMTJAX dam showing a single leukocyte (arrow) in the MBS.
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infection. The mechanism(s) by which maternal antibiotic treatment
prior to pregnancy enhances foetal growth is unknown. Previous re-
search in mice has demonstrated that maternal antibiotic treatment
can promote adiposity in offspring after birth, although these studies
entailed the peripartum antibiotic treatment of the dam [63,64]. In the
experiments described here, dams completed the antibiotic treatment
course approximately two weeks prior to mating and the initiation of
infection. Furthermore, the impact of antibiotic treatment during lacta-
tion on postnatal growth was not assessed in this study, so it is not pos-
sible to directly compare the results presented here with previously
published work.

Although foetal viability at GD 18, as determined by in situ reactive
movement in the womb, was similar between the populations of foe-
tuses produced by infected ABX-FMTNCI and infected ABX-FMTJAX

dams, we found that fewer pups derived from the former could be re-
suscitated following caesarean delivery at this time point. Furthermore,
we observed that postnatal survival was significantly reduced in the
progeny of infected ABX-FMTNCI dams compared to their ABX-FMTJAX

counterparts. These data suggest that foetal movement in the uterus
at term is a poor predictor of neonatal fitness. As fostering was per-
formed to control for the potential impact of abnormalmaternal behav-
iour due to infection, neonatal mortality among the progeny of infected
ABX-FMTNCI dams cannot be attributed to maternal illness. Instead,
these data suggest that the progeny of infected ABX-FMTNCI dams are
less fit at GD 18, albeit with only modest infection-associated reduction
in foetal weight. Themechanisms by which high maternal parasite bur-
dens reduce postnatal survival in the progeny of infected ABX-FMTNCI

dams compared to the progeny of infected ABX-FMTJAX dams are un-
known. We speculate that fostered pups produced by infected ABX-
FMTNCI dams are less able to compete for limitedmaternal resources, es-
pecially in a litter that contains healthy native pups, but the specific
physiological changes that reduce fitness remain for future studies to
explore.

The divergent infection trajectories reported in ABX-FMTNCI and
ABX-FMTJAX mice were associated with distinct communities of gut mi-
crobes thatwere observed in these cohorts ofmicewithin the days prior
to parasite exposure. We cannot rule out persistence of some endoge-
nous gut microbes in the ABX-treated mice, including those that
might be resistant to the aggressive treatment regimen applied in this
work. Post-antibiotic treatment differences between the gut microbiota
in ABX-FMTNCI and ABX-FMTJAX mice may reflect vendor-dependent
differences in the composition of the gut microbiota of the NCI-
sourced and JAX-derived mice used as faecal donors. This phenomenon
can be attributed to environmental factors, such as husbandry practices
or diet, as well as the genetic traits of themurine population propagated
at a given facility [65–67]. However, NCI-sourced Swiss Webster mice
were used as faecal donors for mice receiving FMTNCI while JAX-
derived C57BL/6 mice were used as faecal donors for mice receiving
FMTJAX. Thus, differences in gut microbiota observed between ABX-
FMTNCI and ABX-FMTJAX recipient mice may reflect mouse strain- or
stock-specific, but not vendor-specific, differential microbial communi-
ties. The innate immunological differences between mouse strains may
shape the composition of the gut microbiota, yielding mouse strain-
specific variance amongmice obtained from the same vendor [43]. Fur-
thermore, gut-resident eukaryotic commensals can have immunomod-
ulatory capabilities [68], andwe cannot currently exclude the possibility
that such eukaryotes contributed to themodulation of malaria infection
severity in mice receiving faecal microbiota transplants from different
donors.

The composition of the gut microbiota in antibiotic-treated faecal
microbiota transplant recipient mice may not faithfully recapitulate
the composition of the gut microbiota of donor mice. First, the bacteria



Fig. 7. Haemozoin quantification in the placentae of malaria-exposed conceptuses at
midgestation. a. Haemozoin (Hz) density was measured by image analysis and is
depicted as the percentage of haemozoin-occupied area in micrographs of the junctional
zone. Points, depicting individual dams, are scaled according to parasitaemia AUC value
(GD/ED 0 to GD/ED 10). A tendency for increased haemozoin abundance in NCI-sourced
relative to ABX-FMTJAX placentae is evident (P = 0·0599; Student's t-test). Maternal
vascular space in placental junctional zone estimated as a function of acellular areas
identified by imaging software, corrected for total number of images examined. Vascular
space is significantly reduced in NCI-sourced relative to ABX-FMTJAX placentae (*P =
0·022; Student's t-test).
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administered by the oral gavage of faecal slurries may not closely re-
semble the communities of bacteria in the gut lumen, because the pop-
ulation of bacteria in the faeces differs from the population of microbes
within the gut lumen [69,70]. In addition, our preparation of faecal slur-
ries may further bias the composition of the administered bacterial
communities. Faecal slurries were briefly centrifuged prior to adminis-
tration for the removal of particulate matter too large to pass through
the gavage needle. It is possible that this processing removed bacteria
that were closely associated with this fibrous material. Furthermore,
faecal samples were collected and faecal slurries prepared under
normoxic conditions. Previous study of human faecal microbiota trans-
plants has revealed that oxygen exposure can damage faecal microbial
communities [71]. Such processing may also exclude anaerobes. For
these reasons, we do not claim that the post-treatment faecal microbi-
ota of antibiotic-treated, faecal microbiota transplantedmice closely re-
sembles the faecal microbial communities of the donor groups,
although we do demonstrate that antibiotic treatment followed by the
administration of a faecal microbiota transplant consisting of faecal
samples collected from JAX-lineage or NCI-sourced mice results in dis-
tinct communities of faecal microbes in recipients.

Host immunity exerts selective pressure on the gut microbiota,
shaping the composition of this community [43]. Thus, we anticipate
that host selection within FMT recipients may influence the gut micro-
bial community prior to malaria infection. Host-driven selection may
explain the discrepancy in microbial diversity observed between ABX-
FMTNCI and ABX-FMTJAX recipients. Intriguingly, malaria-resistant
ABX-FMTJAX mice displayed significantly reduced faecal microbial di-
versity compared to susceptible ABX-FMTNCI mice. This finding is incon-
sistent with previous studies demonstrating that reduced gut microbial
diversity, representing dysbiosis, correlated with poor health outcomes
associated with uncontrolled inflammation, resulting in preterm birth
[72] and metabolic disorders [73–75]. Furthermore, antibiotic-induced
dysbiosis was associated with enhanced susceptibility to enteric [76]
and systemic pathogens [77]. However, this result supports the hypoth-
esis that host-driven selectionmay be induced in FMT recipients. Specif-
ically, the contraction in community diversity observed in ABX-FMTJAX

mice compared to ABX-FMTNCI mice may reflect the elimination of mi-
crobes in C57BL6-produced FMTJAX donor faeces from the lumen of
the Swiss Webster gut. In contrast, the bacterial communities in Swiss
Webster-produced FMTNCI faecesmay experience similar selective pres-
sures in both the donor and recipient Swiss Webster animals. Alterna-
tively, the contraction in community diversity observed in ABX-
FMTJAX mice compared to ABX-FMTNCI mice may reflect both the diver-
sity of the donor faecal microbial communities and the competition
with residual endogenous microbes.

In a recent studyusingunmanipulated inbredmice sourced fromdif-
ferent vendors, an increased abundance of Clostridiaceae,
Erysipelotrichaceae, Lactobacillaceae, and Peptostreptococcaceae family
memberswas linked to lower parasite burdens following infectionwith
multiple murine malaria species, while a greater abundance of
Bacteroidaceae, Prevotellaceae, and Sutterellaceae family members
was associated with susceptibility [38,39]. Consistent with this notion,
we found that Erysipelotrichaceae family members were enriched in
malaria-resistant ABX-FMTJAX mice compared to malaria-susceptible
ABX-FMTNCI mice. However, contrary to the observations made in in-
bred animals, we observed enrichment of Lactobacillaceae in malaria-
susceptible ABX-FMTNCI mice and an enrichment of Bacteroidaceae in
malaria-resistant ABX-FMTJAX animals. There are numerous differences
between our study and that previous elegant work that might explain
such different outcomes. Most notably, previous studies describing the
impact of gut microbiota on malaria infection utilized inbred mice. Per-
haps some of the observed differences reflect inherent differences be-
tween inbred strains and outbred Swiss Webster mice.

A small proportion of OTUs were significantly negatively correlated
with parasite burden. Among these, an OTU identified as a member of
the genus Allobaculum and an OTU classified as A. muciniphila were
unique because Allobaculum and Akkermansia species were significantly
enriched in ABX-FMTJAX mice relative to ABX-FMTNCI mice. The remain-
ing OTUs negatively associated with parasite burden were classified as
S24-7 family members, which were not enriched in either group, and
Lactobacillus species, which were actually enriched in ABX-FMTNCI

mice. Notably, the enrichment of Allobaculum species has previously
been observed in malaria-resistant C57BL/6 mice sourced from JAX
[39]. The mechanism by which Allobaculum species might modify sus-
ceptibility to malaria has not yet been interrogated, but these bacteria
have previously been identified asmembers of a healthymurine gutmi-
crobiota associatedwith protection against obesity and other inflamma-
tory metabolic conditions [78]. The enrichment of Akkermansia species
has not previously been observed in mice displaying microbiota-
induced resistance tomalaria infection, although A. muciniphila has pre-
viously been identified as an immunomodulatory component of the gut
microbiota in mice and humans [79]. The abundance of A. muciniphila is
negatively associated with obesity and related metabolic disorders in
mice [78,80] and humans [81,82]. A. muciniphila may contribute to the
prevention of these inflammatory disorders by promoting the integrity
of the intestinal epithelial barrier [83,84]. Furthermore, the enrichment
of A. muciniphila within gut microbiota of human patients receiving
anti-PD-1-based immunotherapies for epithelial tumours is associated
with improved survival [85]. In mice, combined treatment with PD-1
blockade therapies and A. muciniphila was associated with a protective
anti-tumour Th1 response [85]. A robust Th1 response controls acute
P. chabaudi chabaudi AS infection in inbred mice [86]; thus,
A.muciniphilamay fortify the Th1-biased antimalarial immune response
in ABX-FMTJAX mice, promoting resistance to malaria infection. The ex-
tent to which the differences in malaria infection outcomes observed
here are dependent on gut microbiota-influenced immune responses
is an area that deserves further intensive study.
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We did not examine the composition of the gut microbiota in either
CTRL-FMTNCI or CTRL-FMTJAX mice. As these animals exhibited parasite
burdens similar to those observed in ABX-FMTNCI mice, we speculate
that the composition of the gut microbiota in CTRL-FMTNCI and CTRL-
FMTJAX mice was not enriched in the OTUs associated with resistance
to malaria infection in ABX-FMTJAX mice. Consistent with this, CTRL-
FMTNCI and CTRL-FMTJAX mice developed high parasite burdens similar
to those observed in ABX-FMTNCI animals. Previous studies have dem-
onstrated that exogenous gut microbes do not efficiently engraft in
the gut in the absence of a niche created by antibiotic pretreatment
[39,87]. As expected, assessment of gut microbial content from two
time points spanning the antibiotic regimen applied to ABX mice,
which was not applied to CTRLmice, showed no change in gut bacterial
load in the latter. Thus, we posit that the composition of the gut micro-
biota in the CTRL-FMT groups closely resembles the gut microbiota of
unmanipulated NCI-sourced Swiss Webster mice or the gut microbiota
of ABX-FMTNCI mice, as these animals were reconstituted with endoge-
nous microbes.

Although this study exclusively probes the relationship between the
composition of the gut microbiota prior to infection and malaria infec-
tion severity, it is important to note that malaria infection itself can in-
fluence the gut microbiota. In B6 and BALB/c mice, P. berghei ANKA
infection is associated with intestinal pathology and the dysbiosis of
the gut microbiota. Both intestinal pathology and dysbiosis were more
profound in B6 mice, which are considered more susceptible to severe
P. berghei ANKA infection [88]. Although the precise cause of this intes-
tinal dysbiosis was not determined, dysbiosis in BALB/c mice with little
to no intestinal pathology suggests thatmalaria infection or the immune
response to malaria infection, not malaria-associated intestinal pathol-
ogy, disrupts the gut microbiota [88]. Consistent with this, B6 mice in-
fected with P. yoelli also display dysbiosis during infection, which
recedes as the infection is cleared [89]. Moreover, mouse source/gut
microbiota-specific differences in malaria susceptibility persist even
after infection in this model is resolved; transfaunation of germ-free
mice with faeces from previously infected mice exhibit the same sus-
ceptibility patterns as the original animals [90]. Although malaria-
induced dysbiosis is transient, it can have significant functional conse-
quences. For example, P. yoelli-infected B6mice display reduced coloni-
zation resistance to non-typhoidal Salmonella enterica serotype
Typhimurium [89]. Intriguingly, taxa we identify as associated with rel-
ative resistance or susceptibility tomalaria infection are not consistently
correlated with high or low parasite burdens in mice experiencing
malaria-associated dysbiosis. These discrepancies may again be attrib-
utable to differences in parasite and mouse strains. However, as the
present study does not evaluate changes to the gut microbiota over
the course of the experiment, these studies cannot be directly com-
pared. The modulation of ongoing malaria infection severity by
malaria-induced gut microbiota dysbiosis in outbred mice remains to
be investigated. Interesting clues from theB6/P. yoelli systemare emerg-
ing, and indicate profound impacts on liver function, intestinal inflam-
mation and gut microbial metabolism and functional capacity that
vary as a function of vendor-specificmicrobial communities and the dif-
ferential susceptibility to malaria that they confer [39,90].

The mechanisms by which some vendor-associated gut microbiota
may reduce susceptibility to murine malaria infection are not under-
stood. Previous work has attributed this difference to an accelerated T
follicular helper cell response in mice colonized with malaria
resistance-associatedmicrobes, although themicrobial products or bac-
terial gene products that drive this acceleration have not been identified
[39]. Cross-reactive antibodies directed against specific microbes pres-
ent in JAX-associated faeces and absent in NCI-associated faeces might
be sufficient to neutralize blood-stage malaria parasites as was recently
observed in mice colonized with Escherichia coli O86:B7, an isolate that
expresses Galα1-3Galβ1-4GlcNAc-R (α-gal). The antibodies produced
in response to E. coli O86:B7 targeted malaria sporozoites, which also
bear α-gal on their surface, and protected mice against transmission
[91]. Finally, it is possible thatmicrobialmetabolites could also influence
the immune response to infection or alter parasite growth, as recently
demonstrated by the impairment of Salmonella growth by the
Bacteroides product propionate [92]. However, recent work in inbred
B6 mice suggests that faecal short-chain fatty acids, though variable
across mice obtained from different vendors, cannot explain differential
susceptibility to P. yoelli infection [93].

We hypothesized that the differences in susceptibility to malaria in-
fection observed between ABX-FMTNCI and ABX-FMTJAX dams were at-
tributable to gut microbiota-mediated differences in the immune
response to infection. To investigate the immunological milieu in mice
thatwere highly susceptible and relatively resistant tomalaria infection,
cohorts of NCI-sourced and ABX-FMTJAX mice were at sacrificed at GD/
ED 10, around the time of peak infection, when stasis in weight gain
in ABX-FMTNCI occurs. NCI-sourced mice were used as proxies for
ABX-FMTNCI mice in these experiments, as NCI-sourced and ABX-
FMTNCI mice experience a similar course of infection and comparable
pregnancy outcomes [Morffy Smith, in review]. Peripheral cytokine levels
were analysed to assess the systemic response to infection, and gene ex-
pression in malaria-exposed conceptuses was measured to explore the
intrauterine environment. While the peripheral cytokine response was
not influenced by infection severity at GD/ED 10, differences in the
transcriptional response to infection were observed between malaria-
exposed conceptuses. Though both groups of infected dams revealed
elevated conceptus expression of Ifng, the expression of Il10 was
significantly greater in malaria-exposed conceptuses collected from
NCI-sourced dams, but not in ABX-FMTJAX conceptuses, relative to unin-
fected controls. Consistent with this, IL-10 has been suggested as a bio-
marker of pathogenic, uncontrolled inflammation in human PM [94,95].
Transcription ofMgl2was also elevated in infected dams of both groups,
but in NCI-sourced dams dramatic upregulation was observed only in
those with the highest parasitaemias at the time of sacrifice. Thus,
Mgl2 levels were variable within the malaria-infected NCI-sourced
cohort, perhaps reflecting differences in parasite dynamics or unique
genetic characteristics of the individual animals. In this regard, it is
also important to note that womenwith gestational malaria do not uni-
versally exhibit intervillositis [96]. As in an outbred human population,
this discrepancymay reflect inherent differences in a genetically diverse
population.

Accumulation of haemozoin in the P. falciparum-infected humanpla-
centa is a key feature of the infection, and, embedded infibrin or present
in infiltrating maternal phagocytes, is linked with pathogenesis [96].
Haemozoin accumulation in the infected Swiss Webster placenta is as-
sociated with enhanced anti-oxidant gene expression [Morffy Smith, in
review] and may be a key driver of embryotoxic oxidative stress [49].
Compared to mid-gestational conceptuses from infected ABX-FMTJAX

mice, infected NCI-sourced placentae tended to accumulate more
haemozoin, with significant accumulation in both foetal (trophoblast)
[Morffy Smith, in review] and maternal inflammatory cells. The extent
to which the accumulated haemozoin directly contributes to pathogen-
esis is unclear, but it is noteworthy that the same group also had re-
duced maternal vascular spaces in imaged placentae. A similar
observation was made in P. berghei-infected BALB/c mice [97]. Thus, re-
duced birthweight in term foetuses born to infected ABX-FMTNCI mice
may be linked to reduced placental blood perfusion secondary to
malaria-induced vascular disruption [98].

While evidence for the importance of the gut microbiota in deter-
mining malaria severity is accumulating in mouse models, the extent
to which the composition of the gut microbiota may influence human
susceptibility to malaria infection has not been extensively explored.
At this time, few studies explore the relationship between the composi-
tion of the gut microbiota and malaria infection in humans. A study of
children in Mali found that the gut microbiota composition was signifi-
cantly associated with the risk of malaria infection, but was not signifi-
cantly associated with the risk of developing febrile malaria following
transmission [99]. Despite the dearth of evidence directly linking the
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human gut microbiota to susceptibility to malaria infection, other stud-
ies hint at possible ties between the microbes within the gut and ma-
laria. First, malaria infection in young children has long been
recognized as a risk factor for invasive Salmonella infection [100], an ef-
fect that may be due to the immune response to malaria infection [101]
and dysbiosis of the gut microbiota resulting from malaria infection
[89]. However, in contrast to observations made in mice [88,89], a re-
cent study conducted in Kenya found that P. falciparum infection and
artemether-lumefantrine treatment did not significantly alter the com-
position of the gut microbiota in infants [102]. Thus, malaria-associated
dysbiosis has yet to be directly linked to malaria infection in humans.
Second, anti-α-gal antibodies have been identified as a component of
the adaptive immune response against P. falciparum sporozoites in
humans [91,103]. Although these antibodies are likely raised in re-
sponse to sporozoites, it is possible that the ability of gut-resident
E. coli species to produce α-gal could be exploited to protect people
from transmission via a specifically designed probiotic cocktail intended
to raise cross-reactive anti-α-gal antibodies, as previously described in
mice [91].

While the identification of specific bacterial families or genera asso-
ciatedwith relative resistance tomalaria infection in humans is tantaliz-
ing, relationships between members of specific microbial communities
and susceptibility to malaria remain challenging to pinpoint due to var-
iable microbial diversity between individuals. In addition, identification
of malaria resistance-associated microbial members in pregnant
women will be further complicated by the changes observed in the
human gut microbiota over the course of pregnancy [104]. Despite
these challenges, the ability to alter susceptibility to malaria infection
in the context of pregnancy as described herein provides at minimum
a platform for the exploration of the relationship between maternal in-
fection burden and foetal or postnatal outcomes. We have demon-
strated that both malaria infection severity and pregnancy outcome
can by influenced by modulating the composition of the gut microbiota
in an outbredmousemodel formalaria in pregnancy. Thismay facilitate
the elucidation of malaria pathogenesis in the context of a high and a
moderate density infection utilizing the same parasite-mouse
combination.

The unique model presented here is further amenable to the explo-
ration of mechanisms by which the gutmicrobes shape susceptibility to
a systemic infection in the context of a genetically diverse population.
Continued studies promise to yield new insights into the modulation
of human responses to infection(s) by the functional microbial commu-
nities within the gut. Such research is warranted given rapidly accumu-
lating evidence that the human gut microbiome significantly impacts
local and systemic homeostasis and response to disease [105], including
naturally elicited and vaccine-induced immune responses [106,107].
Advancing understanding of how the gutmicrobiome can be influenced
through the use of prebiotics, probiotics, and selective antibiotics and
other drugs provides potential mechanisms for supporting healthy or
“protective” gut communities [108]. Overwhelmingly positive clinical
results for control of Clostridium difficile infections through manipula-
tion of the gut microbiome [109,110] have now opened the door for
translating what we learn in animal model research, such as that re-
ported here, and in myriad studies of disease associations with specific
members of the gut microbial community, to clinical interventions.
For malaria, in particular, for which decades of vaccine development
and testing have yet to yield a licensed product [111], novel means of
enhancing vaccine-induced immunity might include manipulation of
the gut microbiome to include species associated with protection
against malaria, an approach already receiving significant attention for
infant vaccinations [106]. Given the importance of the maternal
microbiome in shaping the pre- and post-natal gut microbial commu-
nity [112,113], efforts to provide additional insights into microbiome
complexity and how pathogens such as malaria may impact its dynam-
ics should be high research priorities for these most vulnerable popula-
tions [114]. Prevention of poor pregnancy outcomes in patients infected
with malaria requires advanced, novel therapeutic approaches; accu-
mulating evidence underscores the relevance of the gut microbiota
and compels consideration of its potential modification during and
after pregnancy as an emergent intervention.
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