
Vaccine strains of Rift Valley fever virus exhibit attenuation at the maternal-fetal 1 
placental interface 2 

 3 

Short title: RVFV at the maternal-fetal interface: a comparison of hosts 4 

 5 

Cynthia M. McMillen*1,2, Christina Megli3, Rebecca Radisic4, Lauren B. Skvarca5, Ryan M. 6 
Hoehl1, Devin A. Boyles1, Jackson J. McGaughey1, Brian H. Bird4, Anita K. McElroy1,6, Amy L. 7 
Hartman*1,2 8 
1 University of Pittsburgh, Center for Vaccine Research, Pittsburgh, PA, USA 9 
2 University of Pittsburgh, Department of Infectious Diseases and Microbiology, School of Public 10 
Health, Pittsburgh, PA, USA 11 
3University of Pittsburgh School of Medicine and the Magee-Womens Research Institute, 12 
Division of Maternal-Fetal Medicine, Division of Reproductive Infectious Disease, Department of 13 
Obstetrics, Gynecology and Reproductive Sciences, Pittsburgh, PA, USA 14 
4One Health Institute, School of Veterinary Medicine, University of California, Davis, CA 95616, 15 
USA 16 
5University of Pittsburgh School of Medicine, Department of Pathology, Pittsburgh, PA, USA 17 
6University of Pittsburgh School of Medicine, Department of Pediatrics, Division of Pediatric 18 
Infectious Disease, Pittsburgh, PA, USA 19 
 20 

*Co-corresponding authors. Contact info: Amy L. Hartman: hartman2@pitt.edu; Cynthia M. 21 
McMillen cmm287@pitt.edu  22 

 23 

Abstract 24 

Rift Valley fever virus (RVFV) infection causes abortions in ruminant livestock and is associated 25 
with an increased likelihood of miscarriages in women. Using sheep and human placenta 26 
explant cultures, we sought to identify tissues at the maternal-fetal interface targeted by RVFV. 27 
Sheep villi and fetal membranes were highly permissive to RVFV infection resulting in markedly 28 
higher virus titers than human cultures. Sheep cultures were most permissive to wild-type RVFV 29 
and ΔNSm infection, while live attenuated RVFV vaccines (LAVs; MP-12, ΔNSs, and 30 
ΔNSs/ΔNSm) exhibited reduced replication. The human fetal membrane restricted wild-type and 31 
LAV replication, and when infection occurred, it was prominent in the maternal-facing side. 32 
Type-I and type-III interferons were induced in human villi exposed to LAVs lacking the NSs 33 
protein. This study supports the use of sheep and human placenta explants to understand 34 
vertical transmission of RVFV in mammals and whether LAVs are attenuated at the maternal-35 
fetal interface. 36 

Teaser 37 

Vaccine strains of Rift Valley fever virus have reduced infection and replication capacity in 38 
mammalian placenta 39 

 40 

 41 
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Introduction 43 

Rift Valley fever (RVF) is a zoonotic, mosquito-transmitted disease in Africa and the Middle East 44 
that primarily affects domesticated livestock (sheep, goats, cattle, and camels) and can cause 45 
mild to severe disease in humans. Rainy seasons, when mosquito populations expand, are 46 
accompanied by high rates of vertical transmission in livestock, leading to fetal death. An entire 47 
generation of sheep can be lost in a single outbreak in part due to these “abortion storms”, 48 
causing devastating economic impacts on affected regions (1). Abortions in livestock are 49 
associated with diffuse placental hemorrhage and necrosis (2) along with cerebral and 50 
musculoskeletal deformities in fetuses (3, 4). Given its known effects in pregnant animals, Rift 51 
Valley fever virus (RVFV) infection might also cause miscarriages in women (5). A study in 52 
Sudan showed that women infected with RVFV during pregnancy are approximately four times 53 
more likely to have a second or third trimester miscarriage. Cases of late gestation fetal 54 
infection, including infants born at full-term with RVF disease, have been documented in 55 
humans (6, 7).  56 

Live attenuated RVFV vaccines (LAVs) are currently used in endemic areas to minimize the 57 
incidence of disease in livestock (8, 9); however, the residual virulence of some of these 58 
attenuated strains may still lead to adverse events in pregnant animals, including fetal loss or 59 
deformity (10, 11). Attenuated vaccine strains of RVFV were generated through serial 60 
passaging in vivo, chemical mutagenesis, or by mutating or removing one or both virulence 61 
factors, NSs or NSm. Two LAV strains, Smithburn and Clone 13 (similar to ΔNSs), are regularly 62 
used in livestock throughout Africa (8, 9).  Both strains retain some virulence which can lead to 63 
fetal death or teratogenic events in pregnant livestock; therefore, pregnant animals are not 64 
routinely vaccinated, leaving them vulnerable to infection by virulent field strains of RVFV (10, 65 
11). Other LAVs were developed to overcome the limitations of Smithburn and Clone-13, 66 
including MP-12, an attenuated strain generated by chemical mutagenesis that resulted in nine 67 
amino acid mutations across all three segments of the RNA genome (12, 13). MP-12 has 68 
undergone early stage clinical trials in humans (14, 15); however, there are conflicting reports 69 
on the safety of MP-12 during pregnancy. Sheep vaccinated with high doses of MP-12 during 70 
early gestation delivered deformed fetuses (16), whereas those vaccinated with a lower dose 71 
during late gestation delivered healthy lambs (17, 18). A next-generation LAV strain made using 72 
reverse genetics to delete both NSs and NSm (ΔNSs/ΔNSm) appeared to be safe in pregnant 73 
sheep, even when vaccinated during early gestation (19). Although there are no approved 74 
RVFV vaccines for humans, clinical trials are underway with updated versions of the 75 
ΔNSs/ΔNSm and several other promising candidates (20-22). Identifying a safe and effective 76 
vaccine to protect humans from severe RVF will be a tremendous benefit to the field. However, 77 
early stage human clinical trials are unlikely to provide sufficient safety data in pregnant women 78 
as they are generally excluded from these trials. Moreover, as RVFV is particularly pathogenic 79 
to pregnant mammals, it is critical to understand the pathogenic mechanisms at the maternal-80 
fetal interface. 81 

Despite the well-documented outcomes of RVFV fetal infection in ruminant livestock, it is not 82 
clear whether the seemingly lower rates of miscarriages reported in humans is due to limited 83 
epidemiologic data leading to reporting bias or biological resistance mechanisms impeding 84 
human fetal infection. Although both are eutherian taxa utilizing placental membranes for fetal 85 
development, each has significant differences in cellular composition, blood-flow patterns, and 86 
tissue structures within the placenta. Ex vivo systems using placenta explants have provided 87 
important information regarding the pathologies and immune responses associated with other 88 
congenital infections (23, 24). Here, we use placenta explants to compare permissivity of the 89 
maternal-fetal interface of sheep and humans to infection with RVFV. Furthermore, we use the 90 
explants to screen the replicative capacity of LAVs, given their variable abilities to cause 91 
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abortions and teratogenic effects in livestock in vivo (10, 11, 16-19). Since limited 92 
epidemiological data exists to fully understand the impact of vertical transmission of RVFV in 93 
pregnant women, ex vivo analyses can play a pivotal role in risk assessment.  94 

Results 95 

To provide a relevant comparison between human and sheep placenta with regards to 96 
permissivity of semi-intact structures located at the maternal-fetal interface, it is important to 97 
delineate the structural differences between placenta of humans and sheep. Unlike human 98 
placentas, which are discoidal, sheep placentas have a cotyledonary structure containing up to 99 
70-100 individual fetal-derived cotyledons that interdigitate with maternal caruncle microvilli 100 
constituting what are known as placentomes (Figure 1A). Villi, which are tree-like branches 101 
made of trophoblasts and fetal vasculature, play an important role in nutrient and oxygen 102 
exchange between the fetus and mother. The placentomes are distributed across the entire 103 
gestational sac and connected by the allantoic and chorionic membranes (25). The fetal 104 
membranes provide a protective barrier between the fetus and mother. Each placentome fits 105 
inside a specialized pocket within the maternal decidua, called a caruncle. The trophoblast-lined 106 
cotyledon connects with the decidua through weak invasion by cytotrophoblasts. The 107 
cytotrophoblasts fuse with, or invade into, the uterine epithelial cells, creating an epitheliochorial 108 
barrier that defines livestock placenta. 109 

Humans, in contrast, have a single, discoid placenta (Figure 1B). Like sheep, villi of the human 110 
placenta contain fetal vasculature and are lined by trophoblast. Unlike sheep, trophoblast lining 111 
human placental villi are bathed in flowing maternal blood which is critical to provide nutrients 112 
and oxygen to the fetus. The chorioamniotic membrane surrounds the developing fetus, 113 
maintains the amniotic fluid, protects the fetus from injury, and regulates fetal temperature. 114 
Decidualized endometrium at the implantation site, known as the decidua basalis, comes in 115 
direct contact with villi via extravillous trophoblasts that invade the endomyometrium to establish 116 
vascular flow to the developing placenta. Blood flows from adapted uterine vessels in the 117 
decidua into the intervillous space. 118 

Separation and dissection of livestock placenta into villi, chorionic membrane, and allantoic 119 
membrane (26-28) and human placenta into villi, fetal membranes and decidua is feasible (23, 120 
29) (Figures 1C). Maternal decidual tissues are generally not available from sheep after natural 121 
birth and thus are not analyzed in this study. We hypothesize that culturing placental tissue sub-122 
types will allow identification of regions of the maternal-fetal interface that are susceptible to 123 
RVFV infection. 124 

Sheep placenta explants are permissive to infection with RVFV vaccine strains 125 

Term placentas and one preterm placenta were collected from four sheep housed at a local 126 
farm in western Pennsylvania (Table 1). Dissected villi, chorionic membranes, and allantoic 127 
membranes were inoculated with 1 x 105 plaque forming units (pfu) of wild-type RVFV (ZH501) 128 
or attenuated strains (ΔNSm, ΔNSs, MP-12, or ΔNSs/ΔNSm) (Figure 2A-B). Culture 129 
supernatant was collected every 12-24 hours to generate a viral replication curve by q-RT-PCR 130 
(Figure 2C). 131 

Villi and both fetal membranes obtained from sheep were permissive to infection with all strains 132 
of RVFV (Figure 2C). Viral RNA was detected as early as 24 hours post-infection (hpi) and 133 
increased through 72 hpi. RVFV ZH501 and ΔNSm produced the highest levels of viral RNA in 134 
the culture supernatant compared to the other strains, with some cultures reaching as high as 5 135 
x 108 pfu equivalents/mL (Figure 2C). For wild-type ZH501, there was a steady 3-log increase 136 
in virus over 72 hours for all tissues, whereas the replication curve for the villous and chorionic 137 
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membrane cultures infected with ΔNSm showed a biphasic response. After infection, villi 138 
consistently shed more RVFV ZH501 and ΔNSm compared to the allantoic and chorionic 139 
membranes. The strains with the lowest tissue replication in sheep explants were ΔNSs, MP-12 140 
and ΔNSs/ΔNSm (approx. 1 x 104 - 1 x 106 pfu equivalents/mL) and replication appeared to 141 
plateau after 24 hours post-infection (Figure 2C & Supplemental Figure 1). 142 

Consistent with the q-RT-PCR results, immunohistochemistry revealed widespread infection 143 
within the cytoplasm of cells throughout the villi and allantoic and chorionic membranes 144 
inoculated with ZH501 as depicted by moderate levels of RVFV nucleoprotein immunopositivity 145 
(Figure 3 & Supplemental Table 1). Immune cells with detectable viral nucleoprotein were also 146 
observed in the stroma of the tissues infected with ZH501. For ΔNSm, strong nucleoprotein 147 
immunopositivity was present in the allantoic membrane and villous in addition to stromal 148 
immune cells. The presence of nucleoprotein in the chorionic membrane was inconclusive due 149 
to artifact of background reactivity. For the other attenuated RVFV strains, moderate levels of 150 
cytoplasmic and membranous viral antigen was detected in the chorionic membrane inoculated 151 
with MP-12, and immune cells containing nucleoprotein were rarely identified in the stroma and 152 
trophoblasts. Low levels of immunopositivity was observed in the chorionic membrane and none 153 
was detected in the allantoic membrane of tissues exposed to ΔNSs/ΔNSm in culture. In 154 
contrast, strong nucleoprotein deposition was seen in the cytoplasm of cells within the villous, 155 
and RVFV antigen-positive immune cells were also observed in the stroma of the villous of 156 
ΔNSs/ΔNSm infected tissues. ΔNSs, however, did not appear to infect sheep placenta explant 157 
cultures as negligible antigen staining was identified. Overall, ZH501 and ΔNSm caused 158 
widespread infection of the fetal membranes and villous. MP-12 and ΔNSs/ΔNSm infect the 159 
chorionic membrane and/or villous to varying degrees.  160 

 161 

All vaccine strains infect human villous explants, but tissue distribution differs in viruses 162 
lacking the viral NSs protein 163 

Human placentas from livebirths were collected from women near-term (32- and 36-week 164 
gestation) (Table 2). Dissected decidua, fetal membranes, and villi were inoculated with 1 x 105 165 
pfu of RVFV ZH501, ΔNSm, ΔNSs, MP-12, or ΔNSs/ΔNsm and culture supernatant was 166 
collected over time to generate a viral replication curve (Figure 4A-B). 167 

Like the sheep cultures, ZH501 and ΔNSm generated the highest levels of viral RNA over time, 168 
with some human explant cultures reaching 106 pfu equivalents/mL. ΔNSs and MP-12 reached 169 
just above 105 pfu equivalents/mL in villous cultures by 72 hours (Figure 4C & Supplemental 170 
Figure 2). Surprisingly, villous and decidua cultures with the double mutant virus, ΔNSs/ΔNSm, 171 
reached similar levels of viral RNA as the ZH501 cultures by 72 hours. Overall, virus within villi 172 
and decidua replicated at greater efficiency than the fetal membrane as demonstrated by high 173 
viral RNA. Fetal membrane cultures reached approximately 5 x 104 pfu equivalents/mL at 174 
endpoint, whereas villi and decidua produced up to 7 x 105 pfu equivalents/mL of viral RNA. 175 

Virus was detected in human villous tissue inoculated with ZH501 or attenuated virus strains by 176 
immunohistochemical analysis (Figure 5A). Immunopositivity was observed in a linear pattern 177 
in syncytiotrophoblast and/or within villous stromal cells. Although the number of 178 
immunopositive villi appeared fewer in MP-12 and ΔNSs/ΔNSm samples compared to ZH501, 179 
additional data are needed to quantify differences in infection kinetics. Immunopositivity was not 180 
observed in uninfected villous controls. (Supplemental Table 2).  181 

In contrast to villi, human decidua and fetal membrane cultures inoculated with ZH501 or the 182 
attenuated strains demonstrated weak and/or variable immunopositivity. One fetal membrane 183 
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culture infected with wild-type ZH501 displayed moderate to strong staining in the maternal-184 
facing layers (chorionic trophoblast and decidua capsularis; Figure 5B & Supplemental Figure 185 
3A).  This result may indicate regional differences in cellular susceptibility to infection across the 186 
fetal membrane.  187 

RVFV NSs antagonizes production of both Type-I and -III interferons in human villous 188 
cultures  189 

Innate anti-viral responses, such as the expression of type-I and type-III interferons (IFNs),  can 190 
impact viral replication and/or dictate pathogenesis (30). Type-I interferons are expressed by 191 
most cells to provide systemic control of infection, whereas type-III interferons are expressed at 192 
barrier surfaces, such as placental trophoblasts, to control infections locally (31, 32). Type-I 193 
interferons primarily provide protection during the first trimester of pregnancy in humans, 194 
whereas type-III interferons are more highly expressed and contribute to an anti-viral state 195 
during the third trimester (33). RVFV NSs is a type-I IFN antagonist, and its role at the maternal-196 
fetal interface has not been evaluated. Furthermore, the antagonistic properties of NSs have not 197 
been evaluated in the context of type-III IFN. To determine whether there were strain-specific  198 
differences in expression of IFN-α or IFN-λ1, ELISAs were performed to quantify protein levels 199 
within end-point culture supernatant. Wild-type ZH501 did not induce IFN-α or IFN-λ1 200 
expression in human placental samples (Figure 6). In contrast, for attenuated strains lacking 201 
NSs expression (ΔNSs and ΔNSs/ΔNSm), IFN-α was elevated in the supernatant of human 202 
villous and decidua cultures, with higher concentrations in the villi compared to the decidua. 203 
IFN-λ1 is elevated in the supernatant of villous cultures infected with ΔNSs, MP-12 and 204 
ΔNSs/ΔNSm compared to uninfected controls, which had undetectable levels of IFN-λ1 (Figure 205 
6B). IFN-λ1 expression was relatively low or not detected in decidua and fetal membrane 206 
cultures infected with LAVs. Overall, viruses without the NSs protein induce higher levels of 207 
type-I and -III interferons in human villous explant cultures, which demonstrates that NSs is an 208 
antagonist of both type of IFN in the placenta. 209 

Sheep placenta explant cultures produce more virus than human placenta explant 210 
cultures 211 

Overall, sheep placenta cultures produced more virus (2 x 105 – 5 x 108 pfu equivalents/mL) 212 
than human cultures (1 x 104 – 7 x 105 pfu equivalents/mL) (Figure 2C & 4C). To evaluate the 213 
replication kinetics across viruses and tissues, we calculated the slope of the increase in viral 214 
RNA in each culture type by linear regression (Figure 7). We started at 24 hpi for sheep 215 
samples or 36 hpi for human samples due to the delay in replication kinetics (Figures 2C, 4C). 216 
The decidua was only collected from human placentas, and thus there is not a sheep equivalent 217 
for comparison. However, in the human decidua, wild-type ZH501 clearly had the steepest slope 218 
(i.e. highest virus replication rate), whereas the LAVs did not produce virus after 36 hpi, as 219 
portrayed by the near zero or slightly negative slope (Figure 7, left panel). For the fetal 220 
membranes (Figure 7, middle panel), sheep cultures had steeper slopes compared to human 221 
cultures across all virus strains. All LAVs had a positive slope in sheep allantoic membrane 222 
cultures, whereas ΔNSs and MP-12 did not grow well after 36 hpi (slope: -0.007 and -0.111, 223 
respectively) in chorionic membranes. ΔNSs/ΔNSm grew quite well in sheep chorionic 224 
membranes. For all strains, including ZH501, the virus replication rates were near zero or 225 
negative within human fetal membrane cultures. Villi were highly permissive to virus replication 226 
for all strains in both sheep and human samples (Figure 7, right panel), except for ΔNSs, 227 
which did not grow in human villous cultures. Taken together, using the slope of the increase in 228 
viral RNA over time provides insight into the relative permissivity of sheep and human maternal-229 
fetal interface structures.  230 

 231 
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Discussion 232 

There are multiple mechanisms by which pathogens can undergo vertical transmission, an 233 
event in which a fetus is infected through exposure from its infected or colonized mother. 234 
TORCH pathogens (Toxoplasma gondii, other, rubella virus, cytomegalovirus, herpes simplex 235 
virus) can adversely affect the developing human fetus through several potential mechanisms 236 
including transplacental transmission, direct insult to the placenta, fetal-maternal hemorrhage, 237 
transmission across fetal membranes, or ascending sexual transmission. Pathogens also 238 
induce inflammatory responses at the maternal-fetal interface that adversely affect the fetus (31, 239 
34). The major structures at the maternal-fetal interface that protect against vertical 240 
transmission are the maternal decidua and fetal-derived membranes (amnion and 241 
chorioallantois) and villi (Figure 1). For many pathogens, the mechanism of vertical 242 
transmission across the maternal and fetal structures is incompletely understood. Although 243 
RVFV has caused massive abortion storms in livestock since the year 1930 (35, 36), few 244 
studies have examined the cellular tropism at the maternal-fetal interface or the routes that 245 
RVFV could take to reach the fetus in utero.  246 

In a previous study, Odendaal et al. examined placentas from naturally aborted sheep during a 247 
2010-2011 RVF outbreak in South Africa (37). Extensive RVFV antigen immunostaining was 248 
found within trophoblasts in the cotyledonary chorioallantois. In the intercotyledonary areas, 249 
such as the chorioallantoic membrane, RVFV antigen was sparse yet detectable. Significant 250 
necrosis was observed in the trophoblasts and endothelial cells of the cotyledonary and 251 
intercotyledonary chorioallantois, whereas necrosis of the villous trophoblasts was typically 252 
diffuse. In a separate experimental study in pregnant sheep, inoculation with the wild-type RVFV 253 
strain 35/74 at one-third gestation resulted in abortion at 6 dpi, and immunostaining showed 254 
wide-spread infection of maternal epithelial cells and fetal trophoblasts lining the 255 
hemotophagous zone of the placenta (2). Placentas showed signs of hemorrhage of the 256 
maternal villi, extensive necrosis of the maternal epithelium, and necrosis of the fetal 257 
trophoblasts; analyses of the fetal membranes were not performed in this study. These two 258 
studies provide important insights into RVFV infection of the maternal-fetal interface of livestock. 259 
However, experimental studies in pregnant sheep are expensive, cumbersome, and require 260 
levels of agricultural animal biocontainment that are restrictive. Thus, given the limited data from 261 
both natural and experimental RVFV infection during pregnancy in sheep, we sought to develop 262 
tractable placental explant cultures for direct comparison with their human counterparts.   263 

There is increasing clinical evidence of vertical transmission of RVFV during human pregnancy 264 
and epidemiologic data demonstrating a clear association with poor pregnancy outcomes (6, 7). 265 
However, histopathological studies of human fetuses and placenta were not performed in these 266 
studies. To overcome this limitation, we previously inoculated human second trimester placenta 267 
explants with wild-type RVFV and found that villi were susceptible to infection with RVFV strain 268 
ZH501 (29). The villous cytotrophoblasts and syncytiotrophoblast were particularly permissive to 269 
RVFV. This finding was alarming because syncytiotrophoblast are generally resistant to most 270 
TORCH pathogens (38) by providing a large physical barrier (39-41) or secreting antimicrobial 271 
factors (23, 42). In a separate study, human term villous explants were also permissive to 272 
infection with RVFV strain 35/74 (2).  273 

Given the data from our lab and others that RVFV can replicate in human explants, here we 274 
conducted a direct comparison between human and sheep tissues regarding permissivity to 275 
infection with RVFV and LAVs. We obtained villi, chorioallantoic, and allantoic membranes from 276 
freshly harvested sheep placentomes and dissected them into explants of comparable size. 277 
Sheep explant cultures containing villi produced substantial levels of RVFV ZH501 viral RNA 278 
over 72 hours – approximately 100-fold higher than that produced by human villi. All 3 of the 279 
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human tissues we tested (decidua, fetal membrane, and villi) were also permissive to wild-type 280 
RVFV ZH501, although virus production had delayed kinetics and lower overall production 281 
compared to ovine counterparts. In our model of ex vivo placental infection, human villi 282 
appeared more permissive to ZH501 infection than the decidua or fetal membranes. Overall, 283 
sheep explants were more permissive to RVFV infection, and this is reflective of the very high 284 
rates of fetal infection in pregnant sheep naturally infected with RVFV.  This difference in 285 
permissivity and replicative capacity could be due to differences in viral receptor expression 286 
and/or innate immune responses and warrant further mechanistic studies. 287 

The high rates of mortality in livestock and morbidity in humans during RVFV outbreaks cause 288 
significant socioeconomic strain in affected areas (1). To reduce the impacts of RVF disease in 289 
livestock and incidental transmission to humans, live-attenuated vaccines (LAVs) have been 290 
developed for use in ruminant livestock. While LAVs are effective at preventing infection after 291 
challenge, the safety of some LAVs may be questionable as several have been shown to 292 
display residual virulence in pregnant sheep (10, 11, 16, 43). Here we used the placental 293 
explant model to study the permissivity of sheep and human tissues to infection with several 294 
relevant LAVs. In sheep placenta explants, LAVs (ΔNSs, MP-12, ΔNSs/ΔNSm) replicated to 295 
moderate levels in villi and fetal membranes, albeit significantly less than wild-type strain 296 
ZH501. ΔNSm, on the other hand, generally replicated as well as ZH501 in both sheep and 297 
human explants, which is consistent with other in vivo studies showing ΔNSm retains significant 298 
neurovirulence (44). Human villous cultures infected with ΔNSs, MP-12, and ΔNSs/ΔNSm 299 
undergo early replication which plateaued by 36 hpi. Consistent with these observations, villous 300 
and decidua culture supernatant infected with ΔNSs or ΔNSs/ΔNSm had elevated levels of IFN-301 
α and IFN-λ1 72 hpi compared to uninfected and ZH501 infected controls. ZH501 and ΔNSm, 302 
which express NSs, were infectious in the villous, decidua, and fetal membrane cultures, and 303 
neither IFN-α nor IFN-λ1 were detected in the supernatant. From these results, we can conclude 304 
the nonstructural protein, NSs, contributes to virulence at the maternal-fetal interface by 305 
antagonizing the expression of type-I interferons, cytokines that contribute to an antiviral state 306 
within the cell and surrounding areas (45). These results also suggest that NSs inhibits type-III 307 
interferons in the villous which is further corroborated by another in vitro study that showed 308 
exogenous RVFV NSs inhibits interferon-stimulated response element activation in response to 309 
IFN- λ1 (46). It is promising to see human placenta explants control LAV infection; however, if 310 
these attenuated viruses are not controlled in the periphery and reach or breach the maternal-311 
fetal interface, the local immune response could contribute to adverse effects to the developing 312 
fetus. For instance, the type-I and type-III interferon responses stimulated by the presence of 313 
RVFV might lead to adverse pathological effects as seen with Zika virus infection in mice (30).  314 

Live-attenuated vaccines for human use have not yet been approved, but a few have advanced 315 
into clinical trials. In 2006-2008, the attenuated MP-12 strain was included in a phase I/II clinical 316 
trial, but it has yet to progress further to the authors knowledge (14). Other vaccine candidates, 317 
including the ΔNSs/ΔNSm and a 4-segmented vaccine approach (RVFV-4s), have or will soon 318 
enter early stage clinical trials in humans (21, 22). Given the evidence of vertical transmission of 319 
RVFV in pregnant women and direct infection of human placenta in culture, it is important to 320 
evaluate the risk of infection and subsequent pathogenesis of human placentas to RVFV LAVs. 321 
Furthermore, early stage vaccine clinical safety trials typically do not include pregnant women 322 
due to safety and ethical concerns, making the study of these questions in a laboratory setting 323 
even more crucial. Placenta explant cultures are also a tractable model to use in a BSL-3 324 
setting. The use of human and sheep placenta explants, studied at various stages of gestation, 325 
could provide pivotal information regarding the cell-types targeted by RVFV and the local 326 
immune responses to infection. It is important to emphasize that these explant cultures are an 327 
incomplete yet biologically relevant model due to the lack of a circulatory system and cross-328 
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body communication. Regardless, explants provide a diverse local cellular environment, 329 
structure, and inter-tissue cellular communication that immortalized cell cultures cannot. 330 

RVFV has caused outbreaks with high rates of abortion among sheep and other ruminant 331 
livestock for almost a century (35, 36). In contrast, the apparent impacts on pregnant women 332 
appear to be significantly lower, but limited epidemiological studies examining pregnancy 333 
outcomes in women in endemic regions may account for this perceived difference. We found 334 
here that villi from both species are highly susceptible to RVFV infection as evident by the 335 
increasing levels of virus over time and the antigen detection. Once RVFV reaches the chorionic 336 
villi, it would likely be difficult to control infection and spread to the fetus given the proximity to 337 
the fetal endothelium and blood supply (25). Interestingly, the fetal membranes from sheep 338 
produced high levels of virus, whereas RVFV did not replicate well in human fetal membrane 339 
cultures. Looking closer at one of the human fetal membranes, there is a stark difference in the 340 
regions that are infected with RVFV ZH501. The chorionic trophoblasts, which naturally face the 341 
mother, were diffusely infected with ZH501, whereas the amniotic epithelium, which faces the 342 
fetus, had very little infection. The nature of the explant culture provides equal exposure of all 343 
sides of the explant to virus, preventing an infection bias. The fetal membrane in humans, 344 
particularly the amniotic epithelium and stroma, which only had a few regions of punctate 345 
infection, may play an important role in preventing vertical transmission and protecting the fetus. 346 
Surprisingly, fetal membrane cultures did not produce high concentrations of IFN-α or IFN-λ1, 347 
suggesting the resistance to infection could be mediated by a different mechanism. Sheep 348 
allantoic and chorionic membranes appear to be equally vulnerable to infection which might 349 
explain the higher incidence of fetal demise in livestock compared to humans. In vivo studies 350 
using reporter viruses in pregnant sheep and rats could delineate the spatial and temporal 351 
aspects of vertical transmission of RVFV.  This study is limited by the low number of biological 352 
replicates due to difficulty in procuring sheep and human placentas, thus additional studies are 353 
warranted to corroborate our findings. Furthermore, given multiple studies have shown that virus 354 
dose and gestational age may influence disease outcome (2, 10, 16), future studies should be 355 
performed to determine whether these factors could affect vertical transmission across the 356 
placenta. Further explant studies should also be performed to understand what makes human 357 
amniotic epithelial cells more resistant to RVFV in order to develop targeted therapeutics to 358 
prevent or minimize the pathogenic effects following vertical transmission. 359 

In summary, we have used sheep and human placenta explant cultures as a tool to identify cells 360 
and tissues targeted by RVFV at the maternal-fetal interface. We provide evidence that although 361 
LAVs can infect the decidua, fetal membrane, and villi of humans, spatial restraints, particularly 362 
the decidua and fetal membrane, could play an important role in controlling infection and 363 
preventing virus dissemination to the fetus. 364 

Materials and methods: 365 

Viruses 366 

Virulent RVFV strain ZH501 was generated from reverse genetics plasmids. The recovered 367 
virus was provided to our laboratory by B. Miller (CDC, Ft. Collins, CO) and S. Nichol (CDC, 368 
Atlanta, GA). RVFV strains with gene deletions (ΔNSs, ΔNSm, ΔNSs/ΔNSm) were provided by 369 
A.K. McElroy (University of Pittsburgh). MP-12 was generously provided by Ted Ross 370 
(Cleveland Clinic Florida Research & Innovation Center, Port St. Lucie, FL). All strains of RVFV 371 
were propagated on Vero E6 cells following standard methods and the stock titer was 372 
determined by standard viral plaque assay explained in McMillen et al. (29) For explant studies, 373 
stock virus was diluted in virus growth medium (DMEM, 2% (v/v) FBS, 1% L-glutamine, and 1% 374 
penicillin-streptomycin) to the desired dose. Uninfected controls were mock inoculated with virus 375 
growth medium. 376 

.CC-BY 4.0 International licenseavailable under a
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 preprint (whichthis version posted June 1, 2024. ; https://doi.org/10.1101/2024.05.31.596800doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.31.596800
http://creativecommons.org/licenses/by/4.0/


Biosafety 377 

Research with RVFV strains ZH501, ΔNSs, and ΔNSm was performed at biosafety level 3 378 
(BSL-3) in the University of Pittsburgh Regional Biocontainment Laboratory (RBL). The 379 
University of Pittsburgh RBL is registered with the Centers for Disease Control and Prevention 380 
and the United States Department of Agriculture for work with select agents. Work with RVFV 381 
strains MP-12 and ΔNSs/ΔNSm which are both excluding from the DSAT Select Agent lists was 382 
performed at biosafety level 2 (BSL-2) as per local Institutional Biosafety Committee (IBC) 383 
guidelines. 384 

Placenta procurement 385 

Sheep (Texel crossed with Dorset or Suffolk breeds) placentas were collected by George and 386 
Lisa Wherry at Wherry Farms, Scenery Hill, PA. Placentas were collected from the field or barn, 387 
or extracted directly from the sheep. Most of the sheep placentas were procured at term (n = 3; 388 
approximately 5 months gestation) after a natural delivery, whereas one placenta was obtained 389 
from a pre-term delivery (4 months gestation). Immediately after collection, placentas were 390 
placed in complete growth media consisting of DMEM/F12 (1:1), 10% FBS, 2% pen-strep, and 391 
250 μg/mL of amphotericin B to minimize the growth of microbial contaminants. Human 392 
placentas isolated between 32-36 weeks gestation from C-section were obtained from the 393 
Steven C Caritis Magee Obstetric Maternal and Infant Biobank through an honest broker system 394 
within 30 minutes of delivery.  395 

Ethics Statement 396 

Human tissue procurement was approved by the University of Pittsburgh Institutional Review 397 
Board (IRB) 19100322.  398 

Explant studies 399 

All placentas were dissected within 6-12 hours of procurement, and dissection was conducted 400 
based on tissue type (humans: decidua, villi, fetal membranes (chorion and/or amnion); sheep: 401 
chorionic membrane, allantoic membrane, villi). Placenta tissue sections, approximately 5 x 5 402 
mm sections, were placed in 24-well plates, covered in complete growth medium and allowed to 403 
rest overnight at 37°C, 5% CO2. On the day of infection, the complete growth media was 404 
removed from each placenta section prior to inoculation with 200 μL of RVFV (1 x 105 pfu). 405 
Placenta sections were incubated for 1 hour at 37°C, 5% CO2 to allow for virus adsorption. 406 
Following the adsorption period, the inoculum was removed, tissue were washed once with 1x 407 
PBS, and then 1 mL of virus growth medium was added to all samples. The plate was cultured 408 
for 48 or 72 hours and 100 μL of culture supernatant was pooled from 1-2 wells from each 409 
tissue daily at 0, 24, 36, 48, and 72 hpi (29). For each human placenta donor (n=3) 1-2 samples 410 
were analyzed from pooled culture supernatant at each time point. For each sheep placenta 411 
donor (n=4) three samples were analyzed from pooled culture supernatant at each time point. 412 

RNA isolation and q-RT-PCR 413 

The culture supernatant (50 μL) was inactivated in 900 μL of TRIzol reagent (Invitrogen). RNA 414 
isolation and q-RT-PCR were performed as described (29). 415 

Enzyme-linked immunosorbent assay (ELISA) 416 

Supernatant collected from human tissues at 48 or 72 hpi after infection with RVFV ZH501 or 417 
LAVs (ΔNSs, ΔNSm, MP-12, ΔNSs/ΔNSm) was used to detect total human interferon alpha 418 
(IFNα; Invitrogen catalog #BMS216) and human interleukin 29 (IL-29/IFN-λ1; abcam # 419 
ab100568) following the manufacturer’s instructions. Standard curves were generated to 420 
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quantitate protein concentrations. The limit of dection (LOD) for the IFN-α and IFN-λ1 assays 421 
were 3.2 pg/mL and 13.72 pg/mL, respectively. For each human placenta donor (n=3) 1-2 422 
samples were analyzed from pooled culture supernatant at either time point. 423 

Immunohistochemistry and microscopy 424 

Human and sheep tissues were fixed in 4% PFA for 24 hours then paraffin embedded by 425 
standard protocols. Tissue sections 6 μm thick were embedded on slides and baked overnight 426 
at 65°C. Slides were deparaffinized using a standard xylenes and alcohol rehydration series, 427 
then boiled in 10 mM citric acid buffer (pH 6.0) to unmask antigen-binding epitopes. Tissue 428 
sections were then permeabilized using 0.1% Triton X-100 detergent in PBS. Tissue sections 429 
were blocked in BLOXALL blocking solution (Vector Laboratories) for 10 minutes, then washed 430 
3x in PBS. Then using the VECTASTAIN Elite ABC Kit, Peroxidase (Rabbit IgG) and Vector 431 
NovaRED Substrate Kit, Peroxidase (Vector Laboratories), tissue sections were blocked in 432 
normal blocking serum, avidin block, and biotin block for 15-20 minutes, with five washes in 1x 433 
PBS between each block. Following five washes in PBS, anti-RVFV nucleoprotein rabbit IgG 434 
(1:100 dilution; custom made via Genscript) was applied to each sample and incubated for 1 435 
hour. Tissues were washed five times in PBS, then the Vector Biotinylated Goat anti-Rabbit 436 
secondary antibody was applied for 30 minutes. Tissues were washed five times with PBS then 437 
the VECTASTAIN ABC-HRP reagent was added for 30 minutes. The tissues were washed five 438 
times, then the Vector NovaRED was applied for 15 minutes. The Vector NovaRED was 439 
removed by dunking slides into fresh water. Tissues were counterstained in 50% diluted 440 
hematoxylin (Leica, catalog # 3801575) for 20 seconds, washed in water, dunked in 5% acetic 441 
acid five times, washed in water, then incubated in Scott’s tap water (Cancer Diagnostics Inc., 442 
catalog #CM4951W) for 10 minutes to promote counterstain bluing. After dehydrating in Clear-443 
Rite (Thermo Scientific, catalog #6901) coverslips were mounted over the tissues using toluene. 444 
Slides dried overnight before imaging. All steps were performed at room temperature unless 445 
stated otherwise. Primary delete and no infection controls were used to identify non-specific 446 
binding of the secondary detection antibody or all reagents, respectively. Red immunopositivity 447 
observed above the no infection control was deemed as positive for RVFV antigen. Hematoxylin 448 
staining provided a structural stain to identify immune cells. IHC slides were imaged by light 449 
(optical) microscopy using a Nikon NI-E confocal microscope at the University of Pittsburgh 450 
Center for Biological Imaging or the Olympus LCmicro Software at the One Health Institute at 451 
the University of California Davis. Denoising and contrasting were performed using Adobe 452 
Photoshop. Tissue samples were blinded and analyzed by a veterinary pathologist or a licensed 453 
pathologist specializing in placental pathology. 454 

Statistics 455 

For virus replication curves and cytokine expression assays, one-way or two-way ANOVA with 456 
multiple comparisons were performed using GraphPad Prism (version 8.0). To calculate virus 457 
replication rates, a simple-linear regression from log(10) transformed data was performed 458 
starting at 24 or 36 hpi for sheep and human cultures, respectively. 459 
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Figure 1. Sheep and human placental structure. A) Diagram depicting the structures that 
make up the sheep placenta. Sheep contain 70-100 placentomes that cover the gestational sac. 
The placentome consists of the villous, allantoic membrane, chorionic membrane, and decidua. 
B) Diagram depicting the structures that make up the human placenta. The human placenta 
consists of the fetal-derived villous and allantoic membrane, and chorionic membrane (fetal 
membranes) which is attached to the maternal decidua. C) Table representing the sheep and 
human tissues collected for these studies. 
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Table 1: Sheep placenta demographics 
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Figure 2. Sheep placenta explants are permissive to infection with RVFV. A) 
Representative image of a whole (top), separated (middle; formalin fixed), and dissected 
(bottom) sheep placenta. 5 x 5 mm sections of the villi (bottom, left), chorionic membrane 
(bottom, middle), and allantoic membrane (bottom, right) were cultured in 24-well plates. B) 
Diagram depicting the timeline for sheep placenta explant culture infections. Tissue dissections 
were inoculated with 1 x 105 pfu RVFV ZH501, ΔNSs, ΔNSm, MP-12, ΔNSs/ΔNSm for 1 hour (n 
= 12 each). Virus was removed and washed prior to the addition of culture growth medium. 
Culture supernatant was collected at 0, 24, 36, 48, and 72 hpi. C) q-RT-qPCR was performed to 
quantitate virus production over time. Dashed line = limit of detection (LOD). Statistical 
significance was determined by a one-way ANOVA compared to ZH501 cultures. * p<0.05, ** 
p<0.01, *** p<0.001. **** p<0.0001. n.s. = not significant. Red, green, purple, and orange 
asterisks designate the p-value of ΔNSs, ΔNSm, MP-12, ΔNSs/ΔNSm compared to ZH501, 
respectively. 
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Figure 3. ZH501 and ΔNSm undergo wide-spread infection in sheep placenta explants. 
Immunohistochemistry (IHC) images of sheep allantoic membrane (AM), chorionic membrane 
(CM), and villi (V) cultures infected with RVFV ZH501, ΔNSm, ΔNSs, MP-12, ΔNSs/ΔNSm or 
uninfected controls. A) Images were taken at 20x magnification (left) by light (optical) 
microscopy. B) 40x magnification images of sheep placenta cultures infected with MP-12 (right). 
Red-brown = RVFV nucleoprotein. Blue staining = cell structural counterstain. Black arrowheads 
highlight regions infected with RVFV. 
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Table 2: Human placenta demographics 
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Figure 4. Human placenta explant cultures are permissive to RVFV strains. A) 
Representative image of a whole (top) and dissected (bottom) human placenta and decidua. B) 
Experimental timeline for human placenta explant culture infections. Tissue dissections were 
inoculated with 1 x 105 pfu RVFV ZH501, ΔNSs, ΔNSm, MP-12, ΔNSs/ΔNSm for 1 hour (n = 3-5 
each). Virus was removed and washed prior to the addition of culture growth medium. Culture 
supernatant was collected at 0, 24, 36, 48, and 72 hpi. C) q-RT-PCR was performed to 
quantitate virus production over time. Dashed line = limit of detection (LOD). Statistical 
significance was determined by a one-way ANOVA compared to ZH501 cultures. * p<0.05, ** 
p<0.01, *** p<0.001. **** p<0.0001. n.s. = not significant. Red, green, purple, and orange 
asterisks designate the p-value of ΔNSs, ΔNSm, MP-12, ΔNSs/ΔNSm compared to ZH501, 
respectively. 
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Figure 5. RVFV ZH501 and attenuated strains infect human placenta villous explants and 
RVFV ZH501 infects the maternal-facing side of the fetal membrane. A) 
Immunohistochemistry images of human villous cultures infected with RVFV ZH501, ΔNSm, 
ΔNSs, MP-12, ΔNSs/ΔNSm or uninfected controls. Images were taken at 40x magnification by 
light microscopy. Green arrowheads highlight regions of syncytiotrophoblasts infected with 
RVFV. Blue arrowheads highlight intravillous cells infected with RVFV. B) 
Immunohistochemistry images of ZH501 infected (left) or uninfected (right) fetal membrane 
cultures. Full tissue scans were performed at 20x magnification. Structures of the fetal 
membrane are highlighted by brackets. Structures on the fetal side include the amnion epithelial 
cells (AEC) and amniotic mesoderm (A Meso). The spongy layer (SL) separates the fetal and 
maternal sides. Structures on the maternal side include the chorionic mesoderm (C Meso) and 
the chorionic trophoblasts (C Tropho). Black arrowheads highlight punctate regions infected with 
RVFV.  Red-brown = RVFV nucleoprotein. Blue staining = cell structural counterstain.  
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Figure 6. Attenuated RVFV LAVs induce Type I and III IFNs in human placenta. Protein 
levels of IFN-α (left) or IFN-λ1 (right) were measured in culture supernatant collected at 
endpoint (48 or 72 hpi) by ELISA. Culture supernatant was collected from villus, decidua, or 
fetal membrane cultures inoculated with RVFV ZH501, ΔNSm, ΔNSs, MP-12, ΔNSs/ΔNSm (n = 
3-5). IFN-α limit of detection (LOD) = 3.2 pg/mL. IFN-λ1 LOD = 13.72 pg/mL. Statistical 
significance was determined by a two-way ANOVA compared to uninfected cultures. * p<0.05, 
** p<0.01. n.s. = not significant. 
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Figure 7. The rate of virus production is similar between hosts, despite delayed 
production in human cultures. A simple linear regression was performed to calculate the rate 
of virus production (slope) from virus growth curves for decidua, fetal membrane, and villous 
cultures starting at 24 hpi (sheep) and 36 hpi (humans). Positive slope = red shades; no slope = 
black. Individual slopes are depicted by white numbers. 
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