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ABSTRACT 21 

Sequestration of Plasmodium parasites in the placental vasculature causes increased 22 

morbidity and mortality in pregnant compared to non-pregnant patients in malaria-23 

endemic regions. In this study, outbred pregnant CD1 mice with semi allogeneic fetuses 24 

were infected with transgenic Plasmodium berghei or mock-inoculated by mosquito bite 25 

at either embryonic day (E) 6 (first trimester-equivalent) or 10 (second trimester-26 

equivalent) and compared with non-pregnant females. P. berghei-infected mosquitoes 27 

had greater biting avidity for E10 dams than uninfected mosquitoes, which was not 28 

apparent for E6 dams nor non-pregnant females. Infected E10 dams had greater 29 

numbers of parasites than E6 dams in the uterus and spleen, but not in the blood or 30 

liver. While parasites were found in placentas, no parasites were present in fetuses. 31 

Maternal infection at E6 caused greater maternal morbidity, with greater rates of fetal 32 

reabsorption and stillbirths than at E10. Infection at E10 caused adverse offspring 33 

outcomes, including growth restriction. To identify possible mechanisms of adverse 34 

offspring outcomes, E10 dams were euthanized during peak parasitemia (8 days post 35 

infection), and outcomes were compared with mock-infected dams. P. berghei caused 36 

significant systemic maternal immune activation with elevated circulating lymphocytes, 37 

eosinophils, and neutrophils and splenic cytokine concentrations. P. berghei infection at 38 

E10 increased corticosterone and decreased progesterone concentrations, which could 39 

contribute to adverse perinatal outcomes through immunomodulation. There were 40 

limited changes in the maternal fecal microbiome after P. berghei infection. Mosquito 41 

bite infection of outbred dams with P. berghei causes placental malaria and provides a 42 

novel, tractable model to investigate therapeutic treatments.   43 
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INTRODUCTION 44 

Malaria infection during pregnancy is a major public health threat worldwide. In 45 

2020, 49.2% of pregnancies were at risk of malaria infection globally [1]. Pregnant 46 

people, especially first-time mothers, are at a higher risk of disease burden in incidence, 47 

frequency, and morbidity [2, 3]. Gestational malaria results in inflammation, coagulation, 48 

and placental tissue damage, causing fetal, neonatal, and maternal mortality [4]. While 49 

the mechanisms of gestational malaria are unknown, disruption to the placenta by 50 

Plasmodium parasites is associated with intrauterine growth restriction, preterm labor, 51 

miscarriage, and preeclampsia [3]. Further, maternal malaria-induced fetal growth 52 

restriction is estimated to have a mortality rate of 37.5% each year [5]. Malaria infection 53 

in pregnant patients can develop into placental malaria [6], which is the sequestration of 54 

Plasmodium parasites in the intervillous space of the placenta, often without peripheral 55 

parasitemia [4]. Clinically, placental malaria is difficult to diagnose as parasite 56 

sequestration in the placenta cannot be detected by microscopy or rapid diagnostic 57 

tests that use peripheral samples [4, 7]. Histopathology is the gold standard for 58 

placental malaria diagnosis, but it can only be performed post-partum [4]. Directly 59 

monitoring placental malaria is challenging; therefore, systemic Plasmodium infection is 60 

monitored, which, although easier to assess and a prerequisite of placental malaria, can 61 

often underestimate the condition. The more apparent fetal outcomes are prioritized, 62 

with interventions often focused on protecting the child, with maternal outcomes often 63 

neglected. Investigating the mechanisms of placental malaria pathogenesis is 64 

fundamental for improving maternal and child outcomes.  65 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 16, 2025. ; https://doi.org/10.1101/2025.01.15.633265doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.15.633265
http://creativecommons.org/licenses/by-nc-nd/4.0/


                                                                                                                Ekregbesi, Seibert, Parish et al.  4 

While numerous factors can impact susceptibility to placental malaria and 66 

malaria infection during pregnancy, placental insufficiency is often the underlying 67 

mechanism of many obstetric complications [8, 9]. During placental malaria, infected 68 

RBCs (iRBCs) accumulate in the intervillous space of the placenta, inducing syncytial 69 

knots and fibrin deposition [4]. As iRBCs lyse, hemozoin and oxidizing free heme are 70 

released, signaling macrophage infiltration into the intervillous space [4]. VAR2CSA-71 

mediated cytoadherence initiates an inflammatory cascade, which is exacerbated as 72 

parasites replicate and evade clearance [10]. Proinflammatory cytokines, oxidative 73 

stress, and increased cell death can result in placental pathology and disrupted 74 

transplacental nutrient exchange, ultimately resulting in poor birth outcomes [4]. Further 75 

research into the mechanisms of placental malaria pathogenesis is essential for 76 

developing additional treatments to mitigate severe disease in pregnant patients and 77 

improve birth outcomes.  78 

Plasmodium parasites, the causative agent of malaria, have a broad host range 79 

and are transmitted by female Anopheline mosquitoes. In humans, the five Plasmodium 80 

species that cause malaria are Plasmodium falciparum, Plasmodium vivax, Plasmodium 81 

ovale, Plasmodium malariae, and Plasmodium knowlesi [11]. Etiologic species in 82 

rodents include Plasmodium berghei, Plasmodium chabaudi, Plasmodium yoelii, and 83 

Plasmodium vinckei  [12]. P. berghei and P. chabaudi are the most extensively used 84 

parasites in placental malaria mouse models. P. berghei blood-stage pathogenesis 85 

closely resembles P. vivax [12].  Similar to P. vivax, P. berghei merozoites target 86 

reticulocytes and lack synchronicity [12]. In naïve mouse models of placental malaria, 87 

infection is typically achieved via intraperitoneal (i.p.) injection of a high dose of iRBCs 88 
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that induce rapid mortality [13, 14]. In rare cases, infection is performed through 89 

intravenous (i.v.) injection of sporozoites into inbred mice [13, 14]. While inbred mouse 90 

strains are preferred in placental malaria models for their genetic tractability, syngeneic 91 

pregnancies in inbred mice do not model the maternal-fetal immune tolerance needed 92 

to preserve a genetically distinct fetus in allogenic pregnancies [15, 16]. In addition to 93 

inbred mice, knock-out mice have been used to investigate targeted mechanisms of 94 

placental malaria pathogenesis. Recent mouse placental malaria models have begun 95 

utilizing outbred mice [17, 18] or crossbreeding different inbred mouse strains [19] to 96 

simulate allogenic pregnancies.  97 

Mosquito bite challenge, a more physiologically relevant method of inoculation, 98 

may delay lethality compared to current models, providing a useful tool for studying 99 

infection during pregnancy and allowing sufficient survival to evaluate birth outcomes. 100 

Thus, we developed a translational placental malaria model using outbred CD-1 mice to 101 

simulate semi-allogeneic maternal-fetal tolerance and employ mosquito bite challenge 102 

for low-dose sporozoite inoculation. We utilized this model to investigate whether 103 

placental malaria induces maternal immune, endocrine, and microbiome changes to 104 

drive poor birth outcomes. By developing a new physiologically relevant model of 105 

placental malaria, the timing of malaria infection on pathogenesis can be interrogated. 106 

This model could serve as a preclinical model to test therapeutics, such as monoclonal 107 

antibodies and vaccines, to mitigate the impact of malaria on pregnancy outcomes. 108 

MATERIALS & METHODS 109 

Parasites and Mosquitoes 110 
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Plasmodium berghei, Strain (ANKA) 676m1cl1, MRA-868, was obtained through BEI 111 

Resources, NIAID, NIH, and contributed by Chris J. Janse and Andrew P. Waters. The 112 

transgenic P. berghei ANKA reporter line expresses GFP-luciferase throughout the 113 

parasite life cycle and does not contain a drug-selectable marker. Parasites were 114 

amplified in female Swiss-Webster mice by the Johns Hopkins Malaria Research 115 

Institute Parasite core. P. berghei GFP-luc (MRA-868) parasites were used in all 116 

experiments. Anopheles stephensi mosquitoes were provided by the Johns Hopkins 117 

Malaria Research Institute Insectary. Four-day old mosquitoes were infected by feeding 118 

on Swiss Webster mice infected with P. berghei GFP-luc. After infection, mosquitoes 119 

were maintained in an incubator. Mosquito inoculation was confirmed by microscopy at 120 

the oocyst and sporozoite stage at 14 and 21 days post-feed, respectively [20]. For 121 

mock inoculations, a separate cage of uninfected mosquitoes was used. All mosquitoes 122 

were supplied with 10% sucrose except for 24 hours prior to bloodmeals.  123 

Mouse experiments 124 

Timed-pregnant CD-1 IGS dams were ordered at embryonic day (E)4 or E8 from 125 

Charles River Laboratories (Wilmington, MA) and single-housed throughout the study 126 

until delivery or death. Mice were randomly assigned by weight to either the Pb- or 127 

mock-inoculated groups 1 day after arrival. At E6 or E10, dams were anesthetized with 128 

0.5 ml of 2% Avertin intraperitoneally and exposed to 5 female Pb-infected Anopheles 129 

stephensi mosquitoes per mouse. The number of infected female mosquitoes used for 130 

infections was calculated based on the cage sporozoite prevalence rate. Mock-131 

inoculated dams were exposed to uninfected female mosquitoes. Blood-feeding avidity 132 

was calculated for each dam as the percentage of engorged female mosquitoes divided 133 
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by the total number of female mosquitoes. After infection, body mass, rectal 134 

temperature, and clinical signs were recorded daily to monitor morbidity until mice were 135 

euthanized or succumbed to infection [21]. Thin blood smears from tail incisions were 136 

collected prior to infection and daily from 3-21 days post-infection (dpi), and stained with 137 

Giemsa stain (Sigma, St. Louis, MO) to monitor peripheral parasitemia. All animal 138 

experimental procedures and outcomes were approved by the Johns Hopkins Animal 139 

Care and Use Committee (MO21H246). 140 

Tissue and Serum Collection 141 

Plasma was collected from tail incisions at 8 dpi. A subset of dams was euthanized at 8 142 

dpi using 160 mg/kg ketamine and 10 mg/kg xylazine solution. Upon euthanasia, livers, 143 

spleens, uteri, placentas, and fetuses were collected and used for intra-vital imaging 144 

system (IVIS) imaging. Snap-frozen placentas and spleens were homogenized, and 145 

cytokine multiplexing was performed on tissue homogenates. For histological analysis, 146 

one uterine horn was fixed in 10% neutral buffered formalin (Sigma, St. Louis, MO).  147 

Pregnancy Outcomes 148 

Pregnancy was confirmed by laparotomy upon maternal death, euthanasia, or by 149 

spontaneous delivery. Pregnancy outcomes were determined within 12 hours of birth or 150 

dam death. In dams followed until death, newborn mass, resorptions, viability, and 151 

stillbirths were recorded as outlined [17, 19]. The mass of each viable pup was taken at 152 

postnatal day (PND) 0 and recorded as an average of the total viable litter size.  Black 153 

compact footprints on the uterine horn were considered resorptions. Pink, well-154 

vascularized fetuses were considered viable, and resorbed or grey/discolored embryos 155 
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were considered non-viable. Dams with all non-viable fetuses were recorded as a 156 

pregnancy loss and expressed as a percentage of the total number of dams surviving to 157 

or beyond E19 per group. The birth of dead fetuses or fetuses attached to the placenta 158 

were considered stillbirths. Stillbirths were recorded as a percentage of the total litter 159 

size (including non-viable pups). In dams euthanized at 8 dpi, placental efficiency and 160 

fetal viability were assessed. The fetus, placenta, and uterine wall from implantation 161 

sites were dissected for further analysis. Fetal viability was assessed as previously 162 

described [22], and non-viable pups were counted and recorded as a percentage of 163 

total implantation sites.  164 

Parasite Quantification 165 

Peripheral parasitemia was assessed by counting iRBCs in blood smears. Three non-166 

consecutive fields were imaged on the Eclipse E200 (Nikon, Tokyo, Japan) microscope. 167 

All RBCs within a 10×10 reticle were counted using the Cell Counter plugin in ImageJ 168 

software (version 1.54c) [23]. Parasitemia was defined as infected RBCs calculated as 169 

a percentage of total RBC.  170 

Intra-Vital Imaging System Analyses (IVIS) 171 

Tissue parasite burden was determined by intra-vital imaging system (IVIS). Briefly, 172 

dams were anesthetized with 160 mg/kg ketamine and 10 mg/kg xylazine solution IP. 173 

When mice were non-responsive to toe-pinch, they were administered 100 μL of 30 174 

mg/mL D-luciferin (Perkin Elmer, Waltham, MA) retro-orbitally. After 2 minutes, deeply 175 

anesthetized mice were bled and humanely euthanized. Dams were immediately 176 

dissected to remove the liver, spleen, uterus, placentas, and fetuses from 3 implantation 177 
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sites. Tissues were imaged on the IVIS Spectrum (Perkin Elmer, Waltham, MA) and the 178 

Living Image software (version 4.7.4, Perkin Elmer, Waltham, MA) in the Luminescent 179 

mode. Exposure time was set at 20 seconds, with a 1-minute delay, medium binning, 180 

and F/stop 1. Bioluminescence was recorded as average radiance measured as 181 

photons/second/centimeter2/steradian.  182 

Histology 183 

Individual placentas were dissected from uterine horns and fixed in 10% neutral 184 

buffered formalin (Sigma, St. Louis, MO) until tissues were processed for staining by the 185 

Johns Hopkins Reference Histology Laboratory. H&E staining was used to determine 186 

morphological changes in placentas. Giemsa staining was used to identify infected red 187 

blood cell cytoadherence to the placental endothelium. H&E-stained slides were imaged 188 

using an Eclipse 80i (Nikon, Tokyo, Japan) at 2x, 10x, and 40x magnifications. 189 

Micrographs of five non-consecutive fields were recorded digitally using CaptaVision 190 

software version 2.4.1 (AccuScope, Commack, NY). Placentas were scored for 191 

inflammation, cell death, and fibrin deposition by an ACVP certified veterinary 192 

pathologist (CB). Giemsa-stained slides were imaged using an Eclipse E200 (Nikon, 193 

Tokyo, Japan) at 10x and 100X magnifications. Qualitative image analysis was 194 

conducted using ImageJ (version 1.54c) [23]. 195 

Hematology 196 

Blood (100L) from terminal cardiocenteses was collected into EDTA tubes. Automated 197 

complete blood counts (CBC) were performed within 6h on an ProCyte Dx (Idexx) 198 

hematology analyzer.  199 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 16, 2025. ; https://doi.org/10.1101/2025.01.15.633265doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.15.633265
http://creativecommons.org/licenses/by-nc-nd/4.0/


                                                                                                                Ekregbesi, Seibert, Parish et al.  10 

Multiplex Cytokine Analysis 200 

Cytokine and chemokine concentrations in spleen and placental homogenate were 201 

measured using the Procartaplex Mouse Immune Monitoring 48-plex Panel (Invitrogen, 202 

Waltham, MA) following standard protocol. Briefly, serially diluted standard or neat 203 

tissue homogenate samples were incubated with capture beads before antibody 204 

detection, followed by indirect staining with streptavidin-PE. Beads were resuspended in 205 

assay buffer and then read on an xMAP Intelliflex System (Luminex, Austin, TX). 206 

Analysis was performed using the ProcartaPlex™ Analysis App on Thermo Fisher 207 

Connect and visualized using GraphPad Prism version 10.1.2 (GraphPad Software, 208 

Boston, MA). 209 

Steroid Hormone ELISAs 210 

Progesterone ELISAs were performed as previously described [24]. Briefly, steroids 211 

were extracted from 10 μL tail bleed sera in diethyl ether in a 1:10 (tail sera) or 1:5 212 

(placental homogenate) sample-to-ether ratio. Extracted steroids were further diluted 213 

1:5 (tail sera) or 1:10 (placental homogenate) in assay buffer and progesterone was 214 

quantified by ELISA following the manufacturer’s instructions (Enzo Life Sciences, Long 215 

Island, NY). Plates were read at 405 nm in a SoftMaxPro5 plate reader, and 216 

concentrations were determined from a 4PL standard curve generated in GraphPad 217 

Prism version 10.1.2 (GraphPad Software, Boston, MA). To measure corticosterone, 218 

steroid extract from the tail was diluted 1:100 in assay buffer before corticosterone was 219 

quantified by ELISA according to the manufacturer’s instructions (Arbor Assay, Ann 220 

Arbor, MI). Plates were read at 450 nm in a SoftMaxPro5 plate reader, and 221 

concentrations were determined from a 4PL standard curve generated in SoftMaxPro 222 
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software version 7.1 (GraphPad Software, Boston, MA). All samples analyzed for 223 

progesterone and corticosterone were assayed in duplicate. 224 

DNA extraction and shotgun metagenomic sequencing library preparation  225 

DNA was extracted from free-drop fecal samples collected at 8 dpi using the Qiagen 226 

DNeasy PowerLyzer PowerSoil kit (Qiagen, Gaithersburg, MD). Following extraction, 1 227 

ng of DNA was used in the Nextera XT Library preparation workflow. Genomic DNA was 228 

initially tagmented, after which dual indexes and terminal complimentary flow cell oligos 229 

were added through a PCR reaction following the Nextera PCR protocol. Libraries were 230 

cleaned using AMPure XP beads (Beckman Coulter, Indianapolis, IN) at a 3:2 ratio. 231 

Libraries were checked on the Agilent High Sensitivity D5000 ScreenTape (Santa Clara, 232 

CA). Normalized libraries were pooled, diluted, and sequenced using the Illumina 233 

NovaSeq X Plus 10B (PE150) platform (Novogene, China). Negative controls, including 234 

an extraction blank, were included.  235 

Sequence processing and analysis 236 

Primer removal and demultiplexing were performed by Novogene using Illumina 237 

BaseSpace software. The quality of the raw paired-end reads was visualized using 238 

FastQC. Read 2 was trimmed by 20 base pairs (bp) and reads with an average quality 239 

below 20 or a total length shorter than 100 bp were discarded using BBduk from the 240 

BBtools software [25]. Host sequences were removed using BBsplit [25] with default 241 

settings and the GRCm39 mouse genome reference. Taxonomy was assigned using 242 

Metaphlan4 [26] with default settings, which was used for downstream analysis.  243 
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Alpha (Richness and Shannon diversity) and beta diversity (Bray-Curtis 244 

dissimilarity) metrics were calculated using Metaphlan4. Results were imported into the 245 

phyloseq [27] package using R Statistical Software (v4.4.1; [28]). An ordination with a 246 

pre-computed distance matrix was performed using “ordinate” from phyloseq. Results 247 

were graphed using ggplot2 [29] and GraphPad Prism version 10.1.2 (GraphPad 248 

Software, Boston, MA). All statistical tests were performed using multiple Mann-Whitney 249 

tests. Multivariate statistics analysis was conducted using permutational multivariate 250 

analysis of variance (PERMANOVA) based on Bray-Curtis dissimilarity distances with 251 

1,000 permutations generated via the vegan [30] package’s “adonis2” function. For 252 

taxonomic analysis, samples were first filtered to remove reads that did not match the 253 

kingdom Bacteria. Relative abundances at the phylum and species levels were 254 

calculated by aggregating data based on infection status, pregnancy status, and 255 

taxonomic level. Taxonomic bar plots were generated using ggplot2, representing 256 

species greater than 2% relative abundance. Differential analysis comparing mock and 257 

Pb-infected E10 dams was performed using linear discriminant analysis effect size 258 

(LEfSe) [31]. A p-value <0.05 was considered significant. Correlation analysis was 259 

performed to better understand the relationship between taxa and different host factors. 260 

Spearman correlation analysis was calculated with relative abundance data, and a 261 

simple linear regression analysis of the correlation data was performed.  262 

Statistical Analyses 263 

Statistical analyses were performed using GraphPad Prism version 10.1.2 (GraphPad 264 

Software, Boston, MA). Comparisons of three or more groups by gestational age, 265 

infection status, and/or organ for blood-feeding avidity, parasite radiance, and serum 266 
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progesterone were done using two-way ANOVA with Tukey correction. Kaplan-Meier 267 

curves for each gestational age were compared using the log-rank Mantel-Cox test. 268 

Differences between parasitemia curves across the gestational ages were assessed by 269 

a one-way ANOVA with Tukey post-hoc test. For cytokine concentration, complete blood 270 

count, and steroid concentrations, comparisons between mock- and P. berghei-infected 271 

E10 dams were performed using unpaired Student’s t-test. A simple linear regression 272 

analysis of the correlation data was performed. For dams that were followed until they 273 

delivered or succumbed to infection, differences in offspring outcomes (embryonic day 274 

of delivery, pregnancy loss, and stillbirths) by infection status were compared using 275 

Fisher’s exact test for each gestational age. Differences in fetal outcomes (viability, fetal 276 

and placental mass, and placental efficiency) for offspring of E10 dams, collected at 8 277 

dpi, by infection status were compared using an unpaired Student’s t-test. Significance 278 

was set at p < 0.05 and is indicated by an asterisk for graphs or bolded text for tables.  279 

RESULTS 280 

Maternal Pb challenge during either the first or second trimester causes placental 281 

infection  282 

Non-pregnant and pregnant CD-1 mice were exposed to mock (uninfected)- or 283 

Pb-infected female mosquitoes, with tissues collected 8 days post-infection (dpi) (Fig 284 

1A). While previous placental malaria models infect at embryonic day (E) 12-14 due to 285 

the high lethality of blood stage infection, we exposed pregnant dams at earlier 286 

gestational ages, i.e., E6 or E10, to examine Pb exposure during the first and second 287 

trimester-equivalent, respectively. To determine if pregnancy status, gestational age, or 288 

both could impact the mosquitoes’ feeding behavior, blood-feeding avidity was 289 
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analyzed. While mock and Pb-infected mosquitos showed similar preference for non-290 

pregnant and E6 dams, blood-feeding avidity was significantly greater among Pb-291 

infected mosquitoes compared to mock-infected mosquitoes exposed to E10 dams 292 

(Figure 1B).  293 

Parasitemia was evaluated from blood smears collected on the day of infection 294 

and every day from 3 days post-infection (dpi) until death. Parasitemia was first 295 

detected in mice at 5 dpi in pregnant and non-pregnant mice; however, pregnant mice, 296 

especially those in the E10-infected group, exhibited a faster onset of peak parasite 297 

burden than non-pregnant mice (Fig 1C). In our model, mosquito bite infection delayed 298 

the onset of parasitemia compared to malaria models utilizing injection of iRBC [32-35]. 299 

To evaluate tissue penetration of malaria parasites following mosquito bite challenge, 300 

the parasite burden in tissue vasculature was analyzed by bioluminescence after 301 

infection with P. berghei GFP-luc using IVIS imaging. Among dams infected at either E6 302 

or E10, the luminescent signal was detected in all maternal tissues, including the liver, 303 

spleen, and uterus, and was significantly higher in the uteri and spleens from Pb-304 

infected E10 than in E6 dams (Figure 1D). Luminescent signal was detected in the 305 

placentas and liver of both E6 and E10-infected dams, but no luminescent signal was 306 

detected in the fetuses from dams infected with Pb at either E6 or E10 (Figure 1D and 307 

1E). To further confirm Pb infection of placental tissue, Giemsa staining was used to 308 

visualize parasites in tissue. Placentas from dams infected at either E6 or E10 had 309 

iRBCs in the maternal intervillous spaces of the placenta (Figure 1F). Taken together, 310 

these data suggest that mosquito-bite Pb infection during pregnancy results in efficient 311 

maternal parasite dissemination, including to the placenta at 8 dpi. 312 
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Gestational age impacts morbidity and mortality in dams and offspring 313 

With Pb infecting multiple tissues, including the placenta, we next examined 314 

maternal morbidity as well as fetal and perinatal outcomes following Pb infection at E6 315 

or E10. E6-infected dams gained less body mass during the third trimester of pregnancy 316 

(E16-21) than their mock-infected controls (Figure 2A). In contrast, E10-infected dams 317 

had body mass gain comparable to mock-infected dams. Pb infection by mosquito bite 318 

challenge was lethal in our model within 9 -15 dpi for pregnant dams and 8-22 dpi in 319 

non-pregnant females (Supplemental Figure 1A). Pb infection was uniformly lethal for 320 

E6 and E10-infected dams; however, mortality was first observed at E15 in E6-infected 321 

dams, whereas it occurred at E19 in E10-infected dams (Figure 2B). This suggests that 322 

in our model, morbidity and mortality prior to delivery are more pronounced in dams 323 

exposed to Pb earlier in pregnancy.  324 

Because adverse pregnancy outcomes can be a consequence of placental 325 

malaria, we analyzed adverse fetal outcomes by assessing the percentage of 326 

reabsorption and stillborn pups in dams that survived to at least E19 (i.e., the average 327 

embryonic day of delivery). The percentage of reabsorption was measured as the 328 

proportion of dams reabsorbing at least 1 conceptus, while the percentage of stillbirths 329 

was measured as the number of pups stillborn relative to the number of total pups within 330 

a litter. Reabsorption was observed in E6- but not E10-infected dams, with 50% of Pb-331 

infected E6 dams experiencing pregnancy loss (Figure 2C). Stillbirths were associated 332 

with Pb infection at both E6 and E10, with 61.5% and 27.4% of pups from Pb-infected 333 

E6 and E10 dams, respectively, being stillborn (Figure 2D). These data suggest that 334 

gestational age affects malaria outcome, with infection during pregnancy being more 335 
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detrimental during the first (E6) than second (E10) trimester-equivalent of pregnancy in 336 

our model.  337 

Because E10-infected dams experienced slower mortality combined with no 338 

evidence of offspring reabsorption or stillbirths compared to E6-infected dams, 339 

subsequent analyses of neonatal outcomes were performed in E10-infected dams only. 340 

Fetal viability at E18 was analyzed by performing a cesarian section in E10 dams, with 341 

no significant difference between mock- and Pb-infected dams (Supplemental Figure 342 

1B). This observation suggests that stillbirths only occurred at or around the time of 343 

labor and delivery. The average embryonic day of delivery also did not differ between 344 

mock- and Pb-infected E10 dams, suggesting that Pb-infection at E10 did not induce 345 

preterm birth (Figure 2E). After birth, pups born from Pb-infected E10 dams had 346 

significantly decreased mass, suggesting that malaria during pregnancy causes 347 

intrauterine growth restriction in our model (Figure 2F). There was, however, no 348 

histological evidence of placental damage observed at 8 dpi (peak parasitemia) among 349 

dams that were either mock- or Pb-infected at E10 (Figure 2G).  350 

Pb infection during pregnancy causes maternal immune activation 351 

Pregnancy requires an immunologically tolerant environment to support 352 

intrauterine growth of the fetus while also maintaining the ability to respond to potential 353 

maternal infections. We examined the immunophenotype of Pb-infected E10 dams at 354 

peak parasitemia (8 dpi). Complete blood counts were used to determine the overall 355 

clinical phenotype of infected dams (Table 1). Anemia was not observed by hematocrit 356 

or hemoglobin measures among dams infected with Pb at E10 (Table 1). Reticulocytes 357 

and circulating white blood cells were significantly elevated in Pb-infected compared 358 
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with mock-infected E10 dams (Table 1). The increase in circulating white blood cells 359 

was driven by the significantly increased number of circulating lymphocytes (Figure 360 

3A), eosinophils (Figure 3B), and neutrophils (Figure 3C). While neutrophils increased 361 

as a proportion of total leukocytes in response to infection, the lymphocyte fraction 362 

dropped, resulting in a significantly increased neutrophil-to-lymphocyte ratio (a measure 363 

of chronic stress [36]) in Pb-infected dams (Figure 3D). Overall, malaria infection during 364 

pregnancy results in increased circulating white blood cells, suggesting increased 365 

systemic inflammation at peak parasitemia within our model.   366 

To further interrogate immune changes associated with maternal malaria, 367 

concentrations of 48 cytokines and chemokines were measured in spleens and 368 

placentas collected at 8 dpi from dams that were either mock or Pb infected at E10. Of 369 

the 46 cytokines and chemokines detected in the spleen, 33 (71%) were differentially 370 

expressed in the spleens of Pb and mock-infected dams (Figure 3E). Of the 33 371 

analytes that were differentially expressed, 31 (94%) were significantly upregulated, and 372 

2 (6%) were significantly downregulated in the spleens of Pb- compared with mock-373 

infected dams (Supplementary Table 1). Splenic concentrations of proinflammatory 374 

mediators, such as type I and type II interferons, TNF-α, and cytokines from the IL-1 375 

family and IL-6 family were significantly increased in Pb-infected dams. Traditional Th2 376 

cytokines and members of the IL-17 family also were elevated in response to Pb 377 

infection. Chemokines, as well as hematopoietic, lymphocyte, and myeloid cell growth 378 

factors, increased in response to Pb infection. By comparison, the alarmin IL-33, which 379 

has been shown to be associated with protection from complicated malaria [37], was 380 

significantly decreased in the spleens of Pb-infected dams. Because placental infection, 381 
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stillbirths, and intrauterine growth restriction were observed in E10-infected dams, we 382 

next investigated cytokines and chemokine concentrations in the placenta. Of the 48 383 

analytes tested, 35 were detectable in placentas collected 8 dpi from mock- and Pb-384 

infected dams. Of the 35 detectable analytes in the placenta, only 6 (17%) were 385 

differentially expressed between mock- and Pb-infected dams, 5 (83%) of which were 386 

significantly upregulated, and one (17%) was downregulated in placentas of Pb- 387 

compared with mock-infected dams (Figure 3F and Supplementary Table 1). In 388 

addition to IL-4, neutrophil and CD4+ T cell chemoattractants (CXCL1, CXCL2, CCL4, 389 

and CCL5) were significantly increased in the placentas of Pb-infected dams compared 390 

to mock-infected dams. In contrast, CCL3, which is associated with eosinophil 391 

recruitment and neutrophil activation, was significantly reduced in the placentas of Pb-392 

infected dams compared to mock controls. Consistent with histological analyses, these 393 

results indicate that mosquito bite infection with Pb during mid-gestation does not cause 394 

large-scale placental inflammation at 8 dpi. The elevated chemoattractants of 395 

neutrophils and T cells in the presence of malaria parasites in the placentas and 396 

pregnancy complications is a novel observation. 397 

During pregnancy, the immunomodulatory effects of steroids are required to 398 

maintain a tolerogenic environment to support fetal growth and development. 399 

Environmental exposures during pregnancy can elevate concentrations of 400 

corticosterone, potentially altering maternal circulating metabolites or crossing the 401 

placenta, and affecting fetuses in mice [38, 39].  Serum corticosterone concentrations 402 

were significantly elevated in Pb-infected compared with mock-infected dams at 8 dpi 403 

(Figure 3G), suggesting that maternal stress increases during peak parasitemia. 404 
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Progesterone signaling is essential to support placental development and fetal growth in 405 

mice and humans [40, 41], with concentrations increasing over the course of gestation 406 

[40]. Consistent with other infections during pregnancy [24], circulating progesterone 407 

concentrations were significantly reduced in Pb-infected compared with mock-infected 408 

E10 dams (Figure 3H). The combination of elevated corticosterone and reduced 409 

progesterone likely contributes to immune dysregulation and adverse pregnancy 410 

outcomes in Pb-infected dams.    411 

Pb infection during pregnancy does not alter the maternal fecal microbiome  412 

The maternal gut microbiome is crucial in maintaining physiological homeostasis 413 

during pregnancy. Whether malaria infection during pregnancy impacts the composition 414 

and communities of the maternal gut microbiome is not well defined. We characterized 415 

the fecal microbiome of non-pregnant and pregnant mock and Pb-infected E10 dams by 416 

performing shotgun metagenomic sequencing on free-drop fecal samples at peak 417 

parasitemia (8 dpi). The mock and Pb-infected dams showed no significant differences 418 

among alpha diversity indexes, including richness (number of species) and Shannon 419 

diversity at 8 dpi (Figure 4A). To assess the relationship between microbial community 420 

structure, pregnancy, and Pb infection, we calculated Bray-Curtis dissimilarity distances. 421 

A Principal Coordinates Analysis (PCoA) of the Bray-Curtis dissimilarity distance 422 

showed no separation between Pb and mock individuals but revealed distinct microbial 423 

communities based on pregnancy status (Figure 4B). These findings were further 424 

reinforced by a permutational multivariate analysis of variance (PERMANOVA), 425 

indicating that pregnancy status (p=0.002) was a stronger driver of differences among 426 
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samples compared to infection status. Collectively, diversity results highlight that the 427 

fecal microbial diversity during Pb infection was unaffected during peak parasitemia.  428 

Although the diversity metrics suggested minimal differences in Pb-infected 429 

dams, we proceeded to examine the relative abundance of microbial communities, first 430 

at the phylum level. Firmicutes and Bacteroidota were the most abundant phyla 431 

observed across both mock and Pb-infected non-pregnant and pregnant dams (Figure 432 

4C). Differences among both phyla were not observed between mock and Pb-infected 433 

non-pregnant or pregnant mice, suggesting minimal taxonomic changes of the more 434 

abundant taxa after Pb infection. Significantly increased Firmicutes (Figure 4D) and 435 

decreased Bacteroidota (Figure 4E), however, were observed in pregnant dams when 436 

compared to their non-pregnant counterparts. When examining the taxonomic 437 

composition at the species level, unclassified Muribaculaceae and Lachnospiraceae 438 

were the most abundant in all mice (Supplemental Figure 2A); differences, however, 439 

were not observed between mock and Pb-infected non-pregnant and pregnant dams for 440 

unclassified Muribaculaceae and unclassified Lachnospiraceae. Differential abundance 441 

analysis performed by Lefse between Pb- and mock-infected pregnant dams identified 442 

Muribaculum, Phocaeicola, Bacteroides, and Akkermansia to be significantly enriched 443 

within the Pb-infected while no taxa were significantly enriched within the mock-infected 444 

pregnant dams (Supplemental Figure 2B). We next examined the association of 445 

bacterial taxa with splenic and placental cytokines/chemokines and pregnancy 446 

outcomes, including number of viable pups, placental mass, placental efficiency, and 447 

pup mass. Numerous taxa correlated with host factors (Supplemental Table 2). 448 

Firmicutes showed a positive correlation with splenic G-CSF (Figure 4F), while 449 
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Mucispirillum schaedleri was positively correlated with placental IL-4 (Figure 4G). When 450 

examining taxa that may be associated with adverse pregnancy outcomes, 451 

Lachnospiraceae bacterium was positively associated with pup mass, with separation 452 

between mock and Pb-infected dams (Figure 4H). Overall, the taxonomic relative 453 

abundances showed minimal changes at the phylum and species levels between mock 454 

and Pb-infected dams; positive correlations, however, were identified between maternal 455 

taxa and host factors.  456 

Discussion 457 

Malaria infection during pregnancy is a major public health concern. Placental 458 

malaria, which is a serious complication of malaria in pregnancy, is associated with 459 

many adverse outcomes for mothers and infants, ranging from maternal anemia and 460 

low birthweight to congenital malaria and miscarriage [165]. A limitation of current 461 

placental malaria mouse models is that malaria infection results in severe morbidity and 462 

mortality within 7 days post-infection [35, 42]. The heightened lethality could result from 463 

the combination of an unnatural route of inoculation and the high dose of iRBCs 464 

inoculated [13]. The doses of iRBCs are greater than the approximately 10 sporozoites 465 

deposited by a mosquito during bite challenges [43]. Therefore, naïve placental malaria 466 

models have been restricted to infection late in pregnancy [42].  More attenuated Pb 467 

strains have been used in recrudescent and immune models [34, 44, 45], but even 468 

these attenuated strains become lethal during pregnancy and must be controlled by 469 

drug treatment to remain sublethal. There is no epidemiological evidence that third 470 

trimester placental malaria results in a greater burden of disease. Thus, current models 471 
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may not capture the spectra of malaria infection during pregnancy, as infection risk is 472 

not limited to the third trimester in humans. 473 

To address some of these limitations, we developed a placental malaria model using 474 

mosquito bite challenge of outbred dams infected during either early or mid-gestation 475 

pregnancy. Because the placental malaria burden is greatest in women with limited 476 

exposure, naïve models of placental malaria are essential to understanding the 477 

mechanisms driving pathogenesis. Compared with iRBC murine models of placental 478 

malaria, in which death occurs within 7dpi [35, 46], Pb infection by mosquito bite 479 

challenge was universally lethal in our model within 9-15 dpi. While E6 dams suffered 480 

the greatest morbidity, perinatal mortality occurred in both pregnant cohorts, despite 481 

lower numbers of parasites in the uterus and spleen with E6 than E10 infection. 482 

Placental malaria was confirmed in our model through two independent methods and 483 

while parasites were present in the intervillous space of the placenta, no parasites were 484 

transmitted to fetuses during either the first or second trimester. These data highlight 485 

that infected RBCs accumulated in the maternal vasculature and never traversed into 486 

fetal circulation.  487 

During mid gestation, Pb caused significant systemic maternal immune activation 488 

that was associated with reduced concentrations of progesterone, elevated 489 

concentrations of corticosterone, and intrauterine growth restriction of offspring. This 490 

model characterizes the endocrine landscape of placental malaria, highlighting systemic 491 

hormonal changes that may contribute to adverse perinatal outcomes. Maternal immune 492 

activation is a known driver of pregnancy pathologies, with well characterized 493 

connections to adverse fetal outcomes [47, 48]. While there are diverse causes of 494 
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maternal immune activation, maternal infection, including with pathogens that do not 495 

infect the placenta (e.g., influenza H1N1), is a potent driver [24]. In many cases, 496 

systemic inflammation, including robust cytokine production in distal sites, can 497 

contribute to pregnancy and placental pathologies, including adverse fetal outcomes 498 

[24]. While iRBCs were present in the maternal vasculature of the placenta, placental 499 

damage and immunopathology, including cytokine secretion, were limited. Systemic 500 

production of cytokines, however, was observed, suggesting systemic maternal immune 501 

activation may contribute to adverse pregnancy outcomes observed during mid 502 

gestation. Neutrophilia and eosinophilia were also observed concurrent with significantly 503 

reduced lymphocyte and monocyte fractions. The neutrophil-to-lymphocyte ratio – a 504 

marker of distress in mice – also was significantly elevated in E10 infected dams [36]. 505 

The neutrophil-to-lymphocyte ratio has not been studied in the context of placental 506 

malaria but is associated with malaria infection and parasitemia in non-pregnant mice 507 

[49-51]. A higher neutrophil-to-lymphocyte ratio has also been associated with the onset 508 

of cerebral malaria in experimental mouse models [52] and hypertensive disorders of 509 

pregnancy [53, 54].  510 

The maternal microbiome influences changes in metabolism, hormonal status, and 511 

immunological responses related to pregnancy [55].  Microbial dysbiosis of the gut 512 

during pregnancy has been associated with complications, including gestational 513 

diabetes, preterm birth, diminished intrauterine growth, preeclampsia, and eclampsia, 514 

which can be further exacerbated by maternal infection [56, 57]. In inbred non-pregnant 515 

mice, the gut microbiota composition is a key factor influencing susceptibility to malaria. 516 

Vendor-distinct gut microbe communities, for example, enhance susceptibility or 517 
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resistance to infection with P. yoelli following either i.v. or i.p. injections with iRBCs [58-518 

61]. Analysis of taxonomic composition in previous studies showed that higher 519 

abundances of Bacteroidaceae, Prevotellaceae, and Sutterellaceae are associated with 520 

increased susceptibility to P. yoelii infection in non-pregnant mice, while greater 521 

abundances of Clostridiaceae, Erysipelotrichaceae, Lactobacillaceae, and 522 

Peptostreptococcaceae are linked to reduced parasite burdens [59, 61]. In addition to 523 

Plasmodium spp., other parasites such as Toxoplasma gondii infection in C57BL/6J 524 

mice significantly decreases species diversity, reduces the abundance of Firmicutes 525 

and Verrucomicrobia, and increases the abundance of Bacteroidetes [62]. In the context 526 

of pregnancy, outbred Swiss Webster pregnant mice infected with P. chabaudi 527 

chabaudi i.v. using iRBCs exhibited lower parasite burdens and improved fetal and 528 

postnatal outcomes with a vendor-specific malaria-resistant fecal microbiota transplant 529 

compared to malaria-susceptible feces [63]. Although no differences were observed in 530 

alpha or beta diversity in our model, we detected enrichment in the family 531 

Bacteroidaceae, particularly within the genera Bacteroides and Phocaeicola, in Pb-532 

infected E10 dams.  533 

 There are limitations to this study, including that even with the use of mosquito 534 

bite challenge with sporozoites, P. berghei infection had uniform lethality in early and 535 

mid-gestation, even in outbred mice. While a previously determined average number of 536 

mosquitos for infection of CD1 mice was used in our development of this model [43], 537 

five mosquitos per dam resulted in several dams that were not productively infected 538 

(i.e., did not have detectable parasitemia). We were limited to analyzing placenta 539 

pathology, immune responses, and microbial dysbiosis at a single time point during 540 
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peak parasitemia (8dpi), and future studies should evaluate responses and outcomes at 541 

additional times during infection, which can be complicated when working with pregnant 542 

animals. Natural infection models have been shown to alter vaccine efficacy in 543 

comparison to intravenous inoculation, [43] highlighting the valuable potential of this 544 

model for testing antiparasitic drugs, monoclonal antibodies, and vaccines to determine 545 

if these treatments mitigate or block placental malaria.  546 

Several factors can influence the susceptibility and severity of clinical 547 

manifestations of malaria infection during pregnancy, with key factors including pre-548 

existing immunity, parity, and gestation [2]. Expectant mothers in low or unstable 549 

transmission conditions are more susceptible to severe disease due to low acquired 550 

immunity, while those in high prevalence regions have acquired protective immunity, 551 

resulting in less severe disease [2]. When examining parity, primigravid women were 552 

more susceptible to placental malaria than multigravid women in high transmission 553 

regions [17, 18] [19]. In assessing the gestational age at the time of infection,  554 

susceptibility, prevalence of infection, and parasite density peak in the first half of 555 

pregnancy and tend to decrease progressively until delivery [2]. While placental malaria 556 

was not gestational age dependent in the current model, effects on pregnancy 557 

outcomes were gestational age dependent. Whether parity and pre-existing immunity 558 

could alter outcomes of placental malaria in our model requires consideration. In 559 

summary, we have developed a tractable model of placental malaria that could be 560 

expanded upon and used to safely test therapeutic options, given that pregnant patients 561 

are excluded from clinical trials of drugs and vaccines. 562 

Data availability. All data will be made publicly available upon publication and upon 563 
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request for peer review. Metagenomic sequencing data set is deposited under 564 

BioProject PRJNA1208073.  565 
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 Figure Legends 732 

Figure 1. Mosquito bite Plasmodium berghei challenge results in infection within 733 

the placenta. (A) CD-1 dams were infected on embryonic day (E)6 or E10 by 734 

mosquitos infected with P. berghei (Pb) GFP-luc and monitored until they succumbed to 735 

infection or delivered. A subset of dams was infected on E6 or E10 and followed for 8 736 

days post-infection (dpi), after which they were euthanized, and tissues were collected. 737 

(B) Blood-feeding avidity of mock- and Pb-infected female mosquitoes during blood 738 

meals for non-pregnant (NP) females (triangles) and pregnant dams infected at E6 739 

(open circles) or E10 (closed circles). n = 3-18 dams/group across 6 experiments. (C) 740 

Parasitemia was measured by blood smear with Giemsa stain of non-pregnant or 741 

pregnant dams infected at E6 or E10. n = 12-18 dams/group across 6 experiments. (D) 742 

Representative luminescent images of the spleen, liver, placenta, uterus, and fetus 743 

(differentiated by the outline color) from dams infected at E6 or E10, captured by the 744 

IVIS at 8 dpi. (E) Tissue parasite burden quantified by luciferase radiance from the IVIS 745 

in tissues collected at 8 dpi. n = 3 dams/group. (F) Representative histology of Giemsa-746 
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stained placental sections from E6 and E10 dams collected at 8 dpi, labyrinth zone 747 

imaged at 100X magnification (scale bar, 20 μm). Infected red blood cells (iRBC) are 748 

indicated by arrows. Dotted outlines indicate maternal blood spaces (MBS), and solid 749 

outlines indicate fetal blood spaces (FBS). Data was analyzed using a 2-way ANOVA 750 

with Tukey post-hoc test. Asterisks indicate p < 0.05. 751 

Figure 2. P. berghei infection during pregnancy causes maternal and perinatal 752 

morbidity and mortality in a gestational age-dependent manner. (A) Body mass 753 

change was calculated for dams infected at either embryonic day (E) 6 or E10 across 754 

embryonic days. Black stippled lines indicate the day of P. berghei (Pb) infection at E6 755 

or E10 or the average day of delivery. n = 3-18 dams/group across 6 experiments. (B) 756 

Kaplan-Meier survival curves for E6 and E10 Pb-infected dams across embryonic days. 757 

n = 7-12 dams/group across 6 experiments. (C) The percentage of dams with 758 

reabsorption was calculated as the percentage of pups that survived until E19. Data 759 

was analyzed across 2 experiments. (D) The percentage of stillborn pups was 760 

calculated as a percentage of the number of stillborn pups divided by the total litter size. 761 

Data was analyzed across 2 experiments. (E) Embryonic day of delivery of mock or Pb-762 

infected E10 dams. (F) Mass of fetuses from mock or Pb-infected E10 dams collected 763 

by cesarian section at 8 days post-infection. Statistical analysis was performed using an 764 

unpaired t-test. n= 5-11 pups/group across 2 experiments. Asterisks indicate p < 0.05. 765 

(G) Representative histology of H&E-stained placental sections from E10 dams 766 

collected at 8 dpi.  Labyrinth zone imaged at 2X magnification (scale bar, 500 μm) and 767 

40X magnification (scale bar, 30 μm).  768 
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Figure 3. Malaria infection during pregnancy induces systemic inflammation and 769 

placental chemokine activation. (A) Lymphocyte, (B) eosinophil, (C) neutrophil, and 770 

(D) neutrophil/lymphocyte concentrations were analyzed from complete blood counts 771 

from E10 mock and Pb-infected dams at 8 dpi. Statistical analysis was performed using 772 

an unpaired t-test. n=5-6 per group across 2 experiments. A heatmap illustrating the log 773 

fold change in splenic (E) and placental (F) cytokine concentrations of Pb-infected E10 774 

dams relative to the mock controls at 8 dpi n=5-9 per group across 2 experiments. (G) 775 

Corticosterone and (H) progesterone concentrations were measured in plasma from 776 

E10 dams at 8 days post-infection by ELISA. n = 8-16 dams/group across 4 777 

experiments. Asterisks indicate p < 0.05. 778 

Figure 4. P. berghei (Pb) infection during pregnancy causes minimal changes in 779 

the maternal fecal microbiome during peak parasitemia. (A) Alpha diversity 780 

measures of the observed number of species, or richness (left) and Shannon diversity 781 

(right), were calculated and compared between non-pregnant females and embryonic 782 

day (E) 10 mock and Pb-infected dams at 8 days post-infection (dpi). Pair-wise 783 

comparisons were conducted using the Mann-Whitney test. (B) PCoA plot of weighted 784 

Bray-Curtis dissimilarity distance. Ellipses were constructed using the standard 785 

deviation of non-pregnant (NP) females (dashed line) versus pregnant dams (solid line). 786 

(C) Relative abundances agglomerated at the phylum level, separated by infection and 787 

pregnancy status. Comparison of the relative abundance of (D) Firmicutes and (E) 788 

Bacteroidota between NP females and E10 dams. Pair-wise comparisons were 789 

conducted using the Mann-Whitney test. Spearman correlation analysis was performed 790 

between (F) Firmicutes and splenic G-CSF, (G) Mucispirillum schaedleri and placental 791 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 16, 2025. ; https://doi.org/10.1101/2025.01.15.633265doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.15.633265
http://creativecommons.org/licenses/by-nc-nd/4.0/


                                                                                                                Ekregbesi, Seibert, Parish et al.  34 

IL-4, and (H) Lachnospiraceae and pup mass. A simple linear regression analysis was 792 

performed and is displayed. For all graphs, the color designates infection status (Mock: 793 

grey; Pb: orange), and pregnancy status is categorized by the shape (non-pregnant 794 

females: triangles; E10-infected dams: circles). n=5 dams/group across 2 experiments. 795 

Asterisks indicate p < 0.05. 796 

Supplemental Figures 797 

Supplemental Figure 1. Mosquito bite Plasmodium berghei challenge in non-798 

pregnant and pregnant dams. (A) Kaplan-Meier survival curves for E6 and E10 Pb-799 

infected dams. n = 7-12 dams/group across 6 experiments. (B) Viability was assessed 800 

in fetuses collected at embryonic day 18 by cesarian section in E10 dams. Data are 801 

represented as the percentage of viable fetuses out of the total number of fetuses 802 

across all litters. Percentages within the solid bar represent viable fetuses while 803 

percentages above the striped bar represent non-viable fetuses.   804 

Supplemental Figure 2. Fecal microbial taxonomic classification and differential 805 

analysis after malaria infection. (A) Relative abundances agglomerated at the 806 

species level, separated by infection and pregnancy status. (B) Differential analysis 807 

comparing mock and Pb-infected E10 dams. Linear discriminant analysis score was 808 

calculated using linear discriminant analysis effect size (LEfSe). The color represents 809 

the infection status (Mock: grey; Pb: orange) for which that species was enriched. 810 

Table 1. Complete blood counts for mock- and Plasmodium berghei (Pb)-infected E10 dams. 811 

Readout 
          Mock               Pb 

p-value 
Mean SEM Mean SEM 

Red blood cells (M/uL) 7.24 1.52 8.17 0.62 0.612 
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Hematocrit (%) 38.20 7.97 42.98 3.59 0.623 

Mean cell volume (fL) 52.40 1.48 52.50 1.24 0.961 

RDW-CV (%) 23.74 0.77 23.00 0.76 0.511 

Hemoglobin (g/dL) 11.88 2.44 13.94 1.09 0.493 

MCH (pg) 13.75 2.76 17.04 0.23 0.311 

MCHC (g/dL) 26.10 5.30 32.50 0.42 0.304 

Reticulocytes (K/uL) 218.10 58.98 613.42 141.33 0.022 

Reticulocytes (%) 3.06 0.67 7.25 1.23 0.017 

Immature reticulocyte fraction (%) 41.06 10.30 40.98 7.08 0.995 

Platelets (K/uL) 1232.17 755.41 297.00 18.92 0.292 

White blood cells (K/uL) 4.06 0.89 53.08 8.62 0.000 

Neutrophils (K/uL) 1.54 0.24 28.58 5.50 0.001 

Neutrophils (% WBC) 31.32 2.66 53.36 4.92 0.004 

Lymphocytes (K/uL) 2.90 0.42 6.26 1.26 0.035 

Lymphocytes (% WBC) 59.54 3.77 11.94 1.71 0.000 

Monocytes (K/uL) 0.35 0.08 0.61 0.18 0.207 

Monocytes (% WBC) 8.14 2.43 1.58 0.49 0.029 

Eosinophils (K/uL) 0.04 0.01 17.55 3.96 0.002 

Eosinophils (% WBC) 0.88 0.21 33.10 4.84 0.000 

Basophils (K/uL) 0.01 0.00 0.01 0.01 >0.999 

Basophils (% WBC) 0.12 0.05 0.02 0.02 0.095 

E10 dams euthanized at 8 dpi, n=5-6 per group, data from 2 replicates. Bold indicates a statistically 
significant difference between mock and Plasmodium berghei groups, based on unpaired t-test, p-value 
<0.05. RDW-CV, red cell distribution width coefficient of variation; MCH, mean corpuscular hemoglobin; 
MCHC, mean corpuscular hemoglobin concentration; WBC, white blood cells; NE:LY ratio, neutrophil-to-
lymphocyte ratio. 
 812 

 813 

 814 

 815 

Supplementary Table 1. Splenic and placental cytokine concentrations for mock- and Plasmodium 816 

berghei (Pb)-infected E10 dams. 817 

 Spleen Placenta 

Cytokine Mock Pb p-value Mock Pb p-value 

IFN-α 33.04 ± 1.82 51.46 ± 3.65 0.004 99.30 ± 16.91 95.10 ± 12.33 0.840 
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IFN-γ 1.19 ± 0.36 185.47 ± 66.83 0.045 0.58 ± 0.16 5.40 ± 2.03 0.108 

IL-28 61.3 ± 16.97 79.70 ± 13.48 0.404 30.82 ± 7.30 30.09 ± 7.06 0.944 

IL-1α 26.79 ±4.16 76.61 ± 5.44 0.000 28.13 ± 9.71 22.21 ± 3.46 0.537 

IL-1β 6.91 ± 0.62 29.62 ± 6.14 0.006 2.29 ± 0.34 1.83 ± 0.13 0.215 

IL-18 4686.21 ± 861.20 
13208.59 ± 

4389.37 
0.098 202.14 ± 24.17 282.02 ± 62.61 0.302 

IL-33 
6605.82 ± 
1576.13 

1329.58 ± 119.03 0.002 487.33 ± 120.47 333.09 ± 50.59 0.220 

IL-2 5.83 ± 2.16 10.37 ± 1.04 0.063 — — — 

IL-2R 41.95 ± 4.45 243.05 ± 33.77 0.000 5.31 ± 1.28 3.81 ± 0.54 0.258 

IL-4 2.25 ± 0.25 33.48 ± 4.26 0.000 0.40 ± 0.05 1.40 ± 0.28 0.013 

IL-7 18.58 ± 5.38 13.84 ± 2.00 0.323 — — — 

IL-7Rα 50.39 ± 3.72 124.94 ± 16.75 0.002 18.87 ± 2.42 19.70 ± 1.82 0.784 

IL-9 9.17 ± 3.48 9.93 ± 1.08 0.782 — — — 

IL-15 5.37 ± 0.79 371.27 ± 84.85 0.002 3.13 ± 0.69 14.45 ± 4.73 0.148 

TNF-α 11.53 ± 1.08 41.70 ± 3.24 0.000 7.51 ± 1.01 5.99 ± 0.77 0.246 

RANKL 44.55 ± 8.85 35.15 ± 5.59 0.365 — — — 

BAFF 1471.43 ± 255.70 1933.54 ± 492.45 0.458 29.39 ± 3.27 65.79 ± 11.40 0.144 

IL-10 10.54 ± 2.38 38.59 ± 5.23 0.001 — — — 

IL-19 210.29 ± 21.47 410.66 ± 44.75 0.002 — — — 

IL-22 6.60 ± 0.90 38.41 ± 2.48 0.000 5.49 ± 1.89 2.45 ± 0.46 0.100 

IL-12p70 0.57 ± 0.06 2.14 ± 0.19 0.000 0.38 ± 0.05 0.39 ± 0.02 0.891 

IL-23 11.15 ± 3.28 12.57 ± 1.93 0.719 — — — 

IL-27 6.17 ± 0.91 22.35 ± 1.27 0.000 7.83 ± 1.03 6.39 ± 0.93 0.318 

IL-17A 2.19 ± 0.28 41.62 ± 1.87 0.000 0.98 ± 0.23 0.70 ± 0.14 0.291 

IL-25 96.43 ± 16.88 299.13 ± 7.94 0.000 58.83 ± 9.77 49.12 ± 6.31 0.399 

IL-6 9.24 ± 1.56 53.91 ± 10.69 0.003 5.71 ± 0.97 9.51 ± 1.70 0.094 

IL-31 6.04 ± 1.23 56.90 ± 1.64 0.000 1.70 ± 0.24 1.90 ± 0.25 0.572 

LIF 7.47 ± 1.36 20.84 ± 2.15 0.000 6.48 ± 0.87 4.56 ± 0.81 0.131 

CCL2 27.62 ± 2.03 403.15 ± 40.19 0.000 82.97 ± 17.08 102.80 ± 15.77 0.411 

CCL3 9.36 ± 1.84 615.98 ± 66.59 0.000 5.10 ± 0.66 3.56 ± 0.28 0.036 

CCL4 11.22 ± 2.72 249.77 ± 50.27 0.001 1.47 ± 0.25 2.23 ± 0.23 0.041 

CCL5 983.93 ± 138.21 1442.05 ± 160.06 0.052 12.54 ± 2.60 21.37 ± 2.64 0.040 

CCL7 32.53 ± 5.37 262.83 ± 28.93 0.000 57.20 ± 8.00 96.43 ± 14.92 0.051 

CCL11 107.34 ± 22.02 100.68 ± 21.36 0.833 49.57 ± 4.96 46.30 ± 3.15 0.571 

CXCL1 60.90 ± 15.05 131.43 ± 13.95 0.004 99.19 ± 13.91 237.63 ± 26.05 0.001 

CXCL2 5.20 ± 0.42 13.56 ± 1.21 0.000 3.11 ± 0.52 6.07 ± 0.97 0.027 

CXCL5 252.66 ± 26.60 175.34 ± 10.35 0.010 — — — 

CXCL10 35.50 ± 4.41 113.33 ± 9.87 0.000 — — — 

BTC 6.89 ± 1.30 8.31 ± 0.75 0.335 — — — 

M-CSF 6.44 ± 1.52 17.88 ± 2.33 0.002 74.79 ± 32.58 24.61 ± 6.14 

0.109 

 

Table 3 continued 

GM-CSF 0.92 ± 0.10 2.79 ± 0.25 0.000 0.55 ± 0.11 0.63 ± 0.06 0.538 
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G-CSF 3.80 ± 0.65 6.68 ± 1.12 0.058 10.17 ± 3.06 7.05 ± 2.51 0.440 

IL-3 0.29 ± 0.06 1.22 ± 0.17 0.000 0.18 ± 0.04 0.26 ± 0.07 0.353 

VEGF-A 19.10 ± 0.94 21.72 ± 1.78 0.253 16.28 ± 1.40 15.36 ± 0.78 0.551 

IL-13 7.13 ± 1.09 34.80 ± 3.51 0.000 — — — 

IL-5 15.78 ± 1.04 30.39 ± 2.03 0.000 1.83 ± 0.43 1.98 ± 0.39 0.798 

E10 dams euthanized at 8 dpi. Data are mean ± SEM, n = 7-9 dams/group, from 2 replicates. Bold indicates a 
statistically significant difference between mock and Plasmodium berghei groups, based on unpaired t-test,  p-value 
<0.05. Dashes (—) indicates analytes which were below the limit of detection. 

 818 

Supplementary Table 2. Correlation between bacterial species and pregnancy outcomes in mock- and 819 

Plasmodium berghei (Pb)-infected E10 dams 820 

Group Measure Taxonomy (Spearman Coefficient, p value) 

Offspring 
Outcomes 

Viable Pups bacterium 1xD42 87 (0.36, p=0.037) 

Pup Mass Lachnospiraceae bacterium (0.54, p=0.022) 

Placental Mass Lachnospiraceae unclassified SGB36958 (0.44, p=0.048) 

Placental Efficiency Lachnospiraceae bacterium (0.69, p=0.009) 

Placenta 
Cytokines 

IL-4 Mucispirillum schaedleri (0.83, p=0.007) 

Placenta 
Chemokines 

CCL4 bacterium 1xD42 87 (0.73, p=0.005) 

CCL5 Clostridia bacterium (0.58, p=0.046) 

CXCL2 
Oscillospiraceae bacterium (0.54, p=0.042) 
Acetatifactor muris (0.70, p=0.015) 

Splenic IFN 

IFN alpha 
Clostridia bacterium (-0.83, p=0.013) 
Anaerotruncus sp 1XD42 93 (0.79, p=0.034) 

IFN gamma 
Candidatus Arthromitus sp SFB mouse (0.45, p=0.050) 
Parasutterella excrementihominis (0.53, p=0.038) 

IL-28 
Bacteroides xylanisolvens (-0.60, p=0.042) 
Bacteroides thetaiotaomicron (-0.65, p=0.046) 

Splenic IL-1 IL-18 Eubacteriaceae bacterium (-0.10, p=0.009) 

Splenic 
Common 𝜸 
chain 
 

IL-2 
Candidatus Arthromitus sp SFB mouse (0.83, p=0.006) 
Adlercreutzia caecimuris (0.77, p=0.034) 
Parasutterella excrementihominis (0.50, p=0.037) 

IL-7R alpha Clostridia bacterium (-0.67, p=0.041) 

IL-9 
bacterium 1xD42 87 (-0.85, p=0.032) 
Bacteroides xylanisolvens (-0.73, p=0.041) 
Bacteroides thetaiotaomicron (-0.82, p=0.041) 

Splenic TNF 
RANKL Parasutterella excrementihominis (0.61, p=0.019) 

BAFF Parasutterella excrementihominis (0.79, p=0.009) 

Splenic IL-10 
IL-10 Parasutterella excrementihominis (0.58, p=0.013) 

IL-19 bacterium 1xD8 6 (0.62, p=0.040) 

Splenic IL-12 IL-23 
Candidatus Arthromitus sp SFB mouse (0.73, p=0.046) 
Adlercreutzia caecimuris (0.75, p=0.008) 

Splenic IL-6 IL-6 Clostridiaceae bacterium (0.47, p=0.026) 

Splenic 
Chemokines 

CCL4 Clostridia bacterium (-0.68, p=0.019) 

CCL5 bacterium 1xD42 87 (0.75, p=0.021) 
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CCL11 Lachnospiraceae bacterium A2 (0.75, p=0.007) 

CXCL2 bacterium 1xD8 6 (0.53, p=0.031) 

CXCL10 Clostridia bacterium (-0.65, p=0.048) 

Splenic 
Growth 
Factors 

Betacellulin 
Parabacteroides distasonis (-0.77, p=0.045) 
Bacteroides xylanisolvens (-0.77, p=0.010) 
Bacteroides thetaiotaomicron (-0.82, p=0.008) 

G-CSF 

Muribaculaceae bacterium (-0.65, p=0.027) 
Duncaniella dubosii (-0.64, p=0.041) 
Clostridiaceae bacterium (0.62, p=0.021) 
Adlercreutzia caecimuris (0.73, p=0.038) 

M-CSF Clostridia bacterium (-0.65, p=0.044) 

VEGF-A 
Eubacteriaceae bacterium (0.24, p=0.027) 
Clostridia bacterium (-0.70, p=0.016) 
Adlercreutzia caecimuris (0.84, p=0.019) 

Splenic Misc IL-13 Clostridia bacterium (-0.73, p=0.038) 

 821 
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