
	 1 

 1 
  2 
Human placental syncytiotrophoblasts restrict Toxoplasma gondii vertical transmission 3 

at two distinct stages and induce CCL22 in response to infection 4 
 5 
 6 
 7 

Stephanie E. Ander1,2, Elizabeth N. Rudzki3, Nitin Arora1,2, Yoel Sadovsky4,5, Carolyn B. 8 
Coyne1,2*, and Jon P. Boyle3* 9 

 10 
 11 
 12 

1Department of Pediatrics, University of Pittsburgh School of Medicine, Pittsburgh, 13 
Pennsylvania, USA 14 

 15 
2Center for Microbial Pathogenesis, Children’s Hospital of Pittsburgh of UPMC, Pittsburgh, 16 

Pennsylvania, USA 17 
 18 

3Department of Biological Sciences Dietrich School of Arts and Sciences, University of 19 
Pittsburgh, Pittsburgh, Pennsylvania, USA 20 

 21 
4Magee-Womens Research Institute, University of Pittsburgh School of Medicine, Pittsburgh, 22 

Pennsylvania, USA 23 
 24 

5Department of Obstetrics, Gynecology, and Reproductive Science, University of Pittsburgh 25 
School of Medicine, Pittsburgh, Pennsylvania, USA 26 

 27 
 28 
 29 
 30 
Running title: Placental syncytiotrophoblasts resist T. gondii infection 31 
 32 
 33 
 34 
 35 
 36 
*Address correspondence:  37 
 38 
Carolyn Coyne, PhD  39 
9116 Rangos Research Center 40 
Pittsburgh, PA 15260 41 
Phone (412) 695- 42 
Email coynec2@pitt.edu 43 
 44 
Jon Boyle, PhD 45 
4249 Fifth Avenue   46 
Pittsburgh, PA.  15260   47 
Phone:  412 624 5842  48 
Fax:  412 624 4759  49 
Email  boylej@pitt.edu  50 
 51 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 1, 2017. ; https://doi.org/10.1101/170944doi: bioRxiv preprint 

https://doi.org/10.1101/170944


	 2 

Abstract 52 

Toxoplasma gondii is a major source of congenital disease worldwide, but the cellular and 53 

molecular factors associated with its vertical transmission are largely unknown. In humans, the 54 

placenta forms the key interface between the maternal and fetal compartments and forms the 55 

primary barrier that restricts the hematogenous spread of microorganisms.  Here, we utilized 56 

primary human trophoblast (PHT) cells isolated from full-term placentas and human mid-gestation 57 

chorionic villous explants to determine the mechanisms by which human trophoblasts restrict and 58 

respond to T. gondii infection. We show that placental syncytiotrophoblasts, multinucleated cells 59 

that are in direct contact with maternal blood, restrict T. gondii infection at distinct stages of the 60 

parasite lytic cycle—at the time of attachment and also during intracellular replication. Utilizing 61 

comparative RNAseq transcriptional profiling, we also show that human placental trophoblasts at 62 

both mid- and late-stages of gestation induce the chemokine CCL22 in response to T. gondii 63 

infection, which relies on the secretion of parasite effector(s). Collectively, our findings provide 64 

new insights into the mechanisms by which the human placenta restricts the vertical transmission 65 

of T. gondii at early and late stages of human pregnancy, and demonstrate the existence of at 66 

least two interferon-independent pathways that restrict T. gondii access to the fetal compartment.  67 

 68 

Significance statement  69 

Toxoplasma gondii is a major source of congenital disease worldwide and must breach the 70 

placental barrier to be transmitted from maternal blood to the developing fetus. The events 71 

associated with the vertical transmission of T. gondii are largely unknown. Here, we show that 72 

primary human syncytiotrophoblasts, the fetal-derived cells that comprise the primary placental 73 

barrier, restrict T. gondii infection at two distinct stages of the parasite life cycle and respond to 74 

infection through the induction of the chemokine CCL22.  Collectively, our findings provide 75 

important insights into the mechanisms by which human syncytiotrophoblasts restrict T. 76 
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gondii infection at early and late stages of human pregnancy and identify the placental-77 

enriched signaling pathways induced in response to infection.  78 

 79 

 80 

   81 

 82 

 83 

 84 

 85 

 86 

 87 

 88 

 89 

 90 

 91 

 92 

 93 

 94 

 95 

 96 

 97 

 98 

 99 

 100 

 101 

 102 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 1, 2017. ; https://doi.org/10.1101/170944doi: bioRxiv preprint 

https://doi.org/10.1101/170944


	 4 

Introduction 103 

Toxoplasma gondii is a major source of congenital disease, with ~200,000 global cases 104 

of congenital toxoplasmosis reported each year (1). In the majority of instances (~80%), in utero 105 

infections by T. gondii result in a range of severe birth defects, including ocular disease and 106 

developmental delays, and can also result in fetal death (2). However, despite the clear impact of 107 

T. gondii infections on fetal health, the mechanisms by which the parasite is transmitted from the 108 

maternal bloodstream into the fetal compartment are largely unknown.  109 

In eutherian organisms, the placenta serves as the sole source of gas, nutrient, and waste 110 

exchange from the fetal compartment and acts as a key barrier to restrict fetal infections. At the 111 

forefront of these defenses is the syncytiotrophoblast (SYN), a multinucleated cell layer that 112 

comprises the outermost layer of the human placenta and which is in direct contact with 113 

maternalperfusion of the intervillous space. Subjacent to the SYN layer are cytotrophoblasts 114 

(CYTs), mononucleated and proliferative cells that fuse to replenish the SYN layer throughout 115 

pregnancy. Together, these trophoblast layers form a key barrier to the passage of pathogens 116 

that may infect the fetus by the hematogenous route.   117 

In general, the pathways that exist in the human placenta to limit the vertical transmission 118 

of microbes are poorly defined. Our previous studies in primary human trophoblast (PHT) cells, 119 

which were focused on viral pathogens, have identified at least two potent antiviral pathways that 120 

restrict viral replication in trophoblasts (3, 4). However, these pathways do not appear to be 121 

relevant during infection with non non-viral pathogens, including T. gondii (5). While studies in 122 

placental explants suggest that the SYN layer is not permissive to T. gondii infection (6), the 123 

mechanistic basis for SYN resistance is incompletely understood, as is whether the SYN layer 124 

mounts any innate defense in response to parasite exposure. Moreover, while placental explant 125 

models are useful in their recapitulation of placental structure, they are limited in their capacity to 126 

dissect trophoblast cell type-specific pathways that might exist to limit T. gondii infection. 127 

In this study, we interrogated the trophoblast cell-type specificity of T. gondii infection 128 
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utilizing PHT cells isolated from full-term placentas and identified two cellular mechanisms that 129 

mediate SYN-specific resistance to T. gondii infection.  In addition to discovering that SYNs 130 

restrict T. gondii attachment and replication, we also identified cell signaling pathways uniquely 131 

induced by parasite infection in PHT cells, which included the release of the regulatory T cell (T-132 

reg) chemoattractant CCL22. We show that the majority of transcriptional changes in PHT cells 133 

is specific to T. gondii and does not occur in response to infection with the closely related parasite 134 

Neospora caninum.  Moreover, we show that CCL22 induction is dependent on host cell invasion 135 

and the secretion of T. gondii effectors into the host cell. To expand our findings to earlier in 136 

human pregnancy, when the fetus is usually more susceptible to congenital T. gondii infections, 137 

we also utilized a mid-gestation chorionic villous explant model and show that second trimester 138 

SYNs also resist T. gondii attachment and induce CCL22 in response to infection whereas the 139 

fetal-derived amnion and chorion are permissive to infection and do not induce CCL22. Taken 140 

together, we have identified previously unknown intrinsic features in primary human placental 141 

cells from both the second and third trimesters of pregnancy that limit T. gondii infectivity at the 142 

level of invasion and replication, and provide details on both host- and parasite-specific 143 

transcriptional responses of placental cells to infection.   144 

 145 

RESULTS 146 

 147 

Syncytiotrophoblasts isolated from term placentas resist T. gondii infection  148 

We found that PHT cells isolated from full term placentas exhibited reduced susceptibility to T. 149 

gondii infection when compared to primary human foreskin fibroblast (HFF) cells (Supplemental 150 

Figure 1A, 1B). These data are consistent with our previous work demonstrating that PHT cells 151 

exhibit reduced susceptibility to infection by the three major types of T. gondii in North America 152 

and Europe compared to non-placental cells (7). Importantly, human trophoblast cell lines 153 

(including BeWo, HTR8, and JEG-3 cells) were unable to recapitulate this restrictive phenotype 154 
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and were permissive to parasite infection (Supplemental Figure 1C). In addition, this phenotype 155 

was specific to PHT cultures as primary placental fibroblasts were as permissive to infection as 156 

HFF cells (Supplemental Figure 1D).  157 

PHT cells isolated from full-term placentas spontaneously fuse to form SYNs during their 158 

culture period (~72hrs), with some retaining a mononuclear CYT phenotype. Therefore, to 159 

determine whether the lack of PHT cell infection occurred in a cell-type specific manner, we 160 

infected PHT cells with YFP-tagged T. gondii (RH strain) and quantified parasite growth 161 

specifically in CYTs versus SYNs. These studies revealed dramatic differences in the 162 

susceptibility of SYNs and CYTs to T. gondii infection—whereas CYTs were permissive to 163 

infection, SYNs were highly resistant (Figure 1A, left). Furthermore, we observed that parasites 164 

within SYNs replicated to a lesser degree, as indicated by a highly significant reduction in total 165 

cell area occupied by parasites (Figure 1A). Since T. gondii replicates within a parasitophorous 166 

vacuole (PV) generated at the time of invasion by each individual parasite, the number of 167 

parasites within a PV can serve as an indicator of parasite growth and replication. In contrast to 168 

the PVs in CYTs, those in SYNs most often contained 1-2 parasites (Figure 1A, right). 169 

Importantly, fusion of BeWo cells with forskolin, which induces syncytin-mediated fusion (7), was 170 

not sufficient to confer resistance to T. gondii infection (Supplemental Figure 1E), supporting 171 

that this phenomenon is specific to primary cells.  172 

Transmission electron microscopy (TEM) revealed that whereas parasite growth and PV 173 

morphology were normal in mononucleated cells within the preparation (which are likely CYTs 174 

but could also be rare contaminating placental fibroblasts), SYN-internalized parasites were found 175 

within PVs containing host cell cytoplasmic contents indicative of a loss of vacuole integrity 176 

(Figure 1B).  Moreover the parasites within these PVs contained more vacuoles of minimal 177 

electron density and poorly defined organelles (Figure 1B). This phenotype is reminiscent of 178 

drug-induced death that we observed previously after treatment with a benzodioxole-containing 179 

compound (8), indicating that SYNs have potent Toxoplasmacidal activity. Taken together, these 180 
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data implicate SYNs as an innately resistant cellular barrier to T. gondii infection and suggest that 181 

unlike other cultured cells, these cells potently resist T. gondii infection.  182 

 183 

SYN-mediated resistance to T. gondii infection occurs at two stages of the parasite lytic 184 

cycle 185 

Our data suggest that SYNs restrict T. gondii infection at a stage of intracellular parasite growth. 186 

The primary mechanisms for cell-autonomous immunity to T. gondii are driven by the effector 187 

cytokine interferon γ (IFNγ). However, we found that uninfected and T. gondii-infected PHT cells 188 

had low levels of IFNγ transcript (Figure 2A) and that culture supernatants were devoid of 189 

secreted IFNγ protein (Figure 2A, 2B). Importantly while the expression of GBP1 and GBP2 as 190 

well as other innate immunity-related factors (e.g., NOS1,2 and IDO) have comparatively higher 191 

transcript levels in PHT cells (Figure 2A), none of these well-characterized IFNγ-driven host 192 

effector proteins were uniquely expressed in PHTs (Figure 2A).  These findings suggest that the 193 

innate resistance of SYNs is not dependent on basal expression of IFNγ or its stimulation by 194 

infection. To explore other related mechanisms, we performed immunofluorescence microscopy 195 

for markers of autophagy- and lysosomal-mediated degradation pathways given the high level of 196 

basal autophagy previously observed in PHT cells (9). We found that there was no association 197 

between SQSTM/p62 or the lysosomal associated component LAMP2 and internalized parasites 198 

at either early or later stages of infection (Figure 2C and Supplemental Figure 2). These findings 199 

are consistent with our TEM-based microscopic studies, in which we also did not observe the 200 

association between double membraned autophagosomes or lysosomes with internalized 201 

parasites (Figure 1B).  202 

In addition to the intracellular control of parasite replication, it is possible that SYNs are 203 

protected from infection by defects in parasite attachment and/or invasion. To quantify parasite 204 

attachment and invasion, we performed a two-step immunofluorescence-based invasion assay to 205 

distinguish extracellular from intracellular parasites (as in Kafsack et al. (10) and others). PHT 206 
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cells were exposed to T. gondii (RH-YFP) for 2 hrs, at which point monolayers were washed to 207 

remove unbound parasites, cells were fixed, and attached parasites were identified using an 208 

antibody against surface antigen-1 (SAG1) in the absence of cell permeabilization, followed by 209 

detection using a secondary antibody conjugated to Alexa Fluor 594. Samples were then 210 

permeabilized and incubated again with anti-SAG1 antibody, which was detected with a 211 

secondary antibody conjugated to Alexa Fluor-633. Using this approach, extracellular parasites 212 

exhibit fluorescence in all channels (YFP, 594, and 633) whereas intracellular parasites exhibited 213 

fluorescence in only two (YFP and 633). Using differential contrast imaging (DIC) and automated 214 

image analysis, we quantified the extent of attached and internalized parasites in CYTs versus 215 

SYNs, which were easily distinguishable using DIC based upon the number, size, and clustering 216 

of their nuclei. Using this approach, we found that there were significantly fewer parasites overall 217 

(i.e., uninvaded and invaded) that were associated with SYNs compared to CYTs (normalized for 218 

cell area; p=0.010; Figure 2D). However, the percentage of invasion events (of all total parasite 219 

associations) was nearly identical between SYNs and CYTs, demonstrating that while there is a 220 

significant defect in parasite attachment to and/or association with, SYNs, there is no obvious 221 

impediment to invasion (Figure 2E).  While we do not know the stage of attachment at which T. 222 

gondii tachyzoites are arrested when associating with SYNs compared to CYTs, these data point 223 

to a defect in T. gondii attachment as a primary mediator of SYN resistance to infection in addition 224 

to their ability to  potently resist parasite replication.  225 

 226 

PHT cells have a unique response to T. gondii infection characterized by the induction of 227 

immunity-related transcription factors and chemokines 228 

Given the dramatic differences in infectivity and growth of T. gondii in PHT cells, we infected PHT 229 

cells or the choriocarcinoma JEG-3 cell line with T. gondii and compared their transcriptional 230 

responses to infection using RNAseq.  Following infection for 24 h, we identified 401 transcripts 231 

of significantly different abundance (P<0.01; Fold-change>4) in infected PHT cells, and 106 232 
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transcripts of different abundance in infected JEG-3 cells (Figure 3A and 3B).  To identify which 233 

transcripts were uniquely induced in PHT cells compared to JEG-3 cells and another primary cell 234 

line, we compared these data to a recently published RNAseq dataset from T. gondii-infected 235 

primary HFF cells(11).  While we identified 858 host cell transcripts that were of different 236 

abundance in T. gondii-infected HFFs, there was a significant lack of overlap between infection 237 

altered transcripts in HFF and PHT cells (Figure 3B).  Cluster analysis of all genes induced in T. 238 

gondii-infected PHT cells revealed multiple categories of genes specifically induced in these cells 239 

and not in either HFFs or JEG-3 cells.  While some genes were induced uniquely in PHT cells 240 

and were expressed poorly in other cell types, (Figure 3A, cluster “a”), others were of high 241 

abundance only after infection in PHT cells, but constitutively expressed in other cell lines/types 242 

(Figure 3A, cluster “b”).  Focusing on genes uniquely induced in PHTs compared to other cell 243 

types (“Cluster 1”, Figure 3C), multiple immunity-related transcription factors (e.g., IRF4, EGR4), 244 

chemokines (CCL22, CCL17, CCL20, CCL1) and the chemokine receptor CCR7 were all 245 

significantly induced by T. gondii infection.  In particular, we found that CCL22, a chemokine 246 

known to be expressed constitutively during pregnancy(12, 13) and that has also been found to 247 

increase during miscarriage(12) was induced by >400 fold in infected PHT cells based on RNAseq 248 

(Figure 3C), which was confirmed in independent PHT preparations using RT-qPCR (>1000-fold; 249 

Figure 3D, left) and at the protein level by ELISA on infected PHT supernatants (from ~25 pg/mL 250 

in mock controls to >500 pg/mL in infected cells; Figure 3D, right).  Heat-killed T. gondii failed to 251 

induce CCL22 release from PHT cells, indicating that production of this chemokine requires live 252 

parasites and suggesting that the CCL22 response requires parasite invasion. 253 

 254 

Infection of PHT cells with Neospora caninum does not induce inflammatory signaling 255 

Host transcriptional responses to infection with T. gondii have been shown in a variety of cell 256 

types to be specific for T. gondii and are not associated with infection by one of its apicomplexan 257 

relatives, Neospora caninum(14),(15, 16). Unlike T. gondii, N. caninum is not a human pathogen, 258 
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but causes significant mortality in cattle and dogs and is associated with congenital disease in 259 

these animals(17, 18).  To determine the specificity of the host response to T. gondii infection in 260 

PHT cells, we infected cells with T. gondii (RH-YFP) or N. caninum (NC-1-dsRED(19)) and 261 

compared the cellular responses to infection using RNAseq. We found that N. caninum failed to 262 

significantly induce any of the chemokine/chemokine receptor genes that were induced by 263 

infection with T. gondii of PHT cells (Figure 4A; asterisks indicate focus chemokine genes).  The 264 

remarkable lack of differential transcript abundance in N. caninum-infected PHT cells compared 265 

to matched T. gondii infected PHTs was further illustrated by MA plot (Figure 4B).  In PHT cells, 266 

we identified 206 genes that were significantly induced by T. gondii infection (P<0.05; fold-267 

induction>2), and only 10 genes that were significantly induced after N. caninum infection (Figure 268 

4C).  Consistent with this, infection with N. caninum had no effect on CCL22 levels and co-269 

infections with N. caninum and T. gondii showed that there was also no synergistic or additive 270 

effect (Figure 4D).  Importantly, despite the significant differences in gene induction, we found 271 

that PHT cells were similarly susceptible to N. caninum infection, with CYTs being readily invaded 272 

and supportive of parasite growth, while SYNs exhibited reduced invasion and growth restriction 273 

very similar to that observed for T. gondii (Figure 4E).   274 

 275 

CCL22 induction in PHT cells requires the T. gondii dense granule protein MYR1  276 

Given that CCL22 induction in PHT cells required live parasites and was not induced by N. 277 

caninum, we reasoned that CCL22 induction was likely the result of a T. gondii-specific parasite 278 

effector that would be secreted after host cell invasion.  T. gondii MYR1 is a recently identified 279 

dense granule protein that is required for the export/secretion of multiple dense granule effectors 280 

(including GRA24, GRA25 and GRA16;(15, 20, 21)) and was discovered based on its role in 281 

mediating T. gondii-specific activation of the transcription factor c-Myc(14).  When we infected 282 

PHT cells with T. gondii lacking MYR1 (RH:ΔMYR1) and complemented control parasites (RH:283 
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ΔMYR1:MYR1c), we found that CCL22 production by PHT cells was entirely dependent upon 284 

MYR1 (Figure 4F), which provides strong evidence that T. gondii CCL22 induction in PHT cells 285 

is driven by (a) MYR1-dependent secreted effector(s).  286 

 287 

Second trimester human placental villi resist T. gondii infection and induce CCL22 in 288 

response to infection 289 

Because PHT cells are isolated from term placentas, we next determined whether SYNs from 290 

earlier in human pregnancy also resist T. gondii infection and induce CCL22. To do this, we 291 

utilized second trimester chorionic villous explants, which retain the morphology of human 292 

placental villi, including a layer of cytokeratin-19 positive SYNs covering the villi surfaces (Figure 293 

5A). Consistent with our findings in PHT cells, and the work of others utilizing first trimester 294 

explants (6), we found that second trimester SYNs were resistant to T. gondii infection, even when 295 

infected with very high numbers of parasites (107) (Figure 5B, left panel). This resistance 296 

appears to be primarily at the level of parasite attachment as we detected very few internalized 297 

parasites in placental villi and most parasites detected appeared to be extracellular (Figure 5B, 298 

left panel, white arrows). Importantly, unlike placental villi, we found that fetal membrane 299 

(amnion and chorion) and maternal decidua supported T. gondii replication (Figure 5B, middle 300 

and right panels), highlighting the specific resistance of placental villi. In addition, consistent with 301 

the work of others utilizing first trimester explants (6), we found that CYTs subjacent to the SYN 302 

were permissive to T. gondii only when the SYN layer was breached (Figure 5C)._ These data 303 

show that the SYN layer also forms a barrier to T. gondii vertical transmission in mid-gestation.  304 

Next, we profiled the transcriptional changes induced by T. gondii infection of second 305 

trimester chorionic villi using RNAseq to determine whether they responded to parasite infection 306 

similarly to PHT cells from late gestation.  We found that 172 transcripts were differentially 307 

expressed in response to T. gondii infection of villous explants, with 22 of these transcripts also 308 
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being differentially expressed in response to infection of PHT cells, which included EGR3, EGR4 309 

and CCL22 (Figure 5D, 5E). We confirmed that CCL22 was induced at the protein level by ELISA 310 

in supernatants from T. gondii-infected second trimester villi (Figure 5F). These data suggest that 311 

CCL22 is specifically induced by the human placenta in response to T. gondii infection at both 312 

early and late stages of pregnancy.  313 

 314 

DISCUSSION 315 

T. gondii infections present a worldwide threat to pregnant women and there is an urgent need to 316 

develop novel treatment regimens to block congenital transmission of T. gondii and other 317 

pathogens that pose risks to the developing fetus. Our data presented here point to a direct role 318 

for SYN-intrinsic pathways in the protection of the fetus from T. gondii infection, making the SYN 319 

a highly unique cell type given that a diverse array of cells studied to date are susceptible to T. 320 

gondii infection and replication. Our studies in both human primary term and second trimester 321 

SYNs suggest that these cells evade T. gondii infection at two critical stages of the parasite lytic 322 

cycle—at the point of parasite association with the host cell and during intracellular growth. 323 

Moreover, by comparing cell-type specific transcriptional profiles from T. gondii infected primary 324 

trophoblasts and placental tissue with those of other cell types, we identified unique sets of genes 325 

induced by T. gondii infection in the human placenta, including the induction of CCL22 that 326 

requires the presence of parasite-encoded MYR1. Collectively, our data provide significant 327 

advances in our understanding of how the human placenta controls, and responds to, T. gondii 328 

infection.   329 

 We found that the first point of SYN-mediated restriction of T. gondii infection occurred at 330 

the level of parasite association and/or attachment, which we observed both in SYNs isolated 331 

from full-term placentas and from mid-gestation chorionic villi. These findings are consistent with 332 

the previous work of others suggesting that attachment might be reduced in first trimester SYNs 333 

(6), although this was not directly tested. Our attachment and invasion data from PHT cells provide 334 
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direct evidence that SYNs naturally restrict parasite attachment but are susceptible to invasion 335 

once parasite attachment occurs, which appears to be a rare event in SYNs.  It remains unclear 336 

at what point of the attachment process that is altered when T. gondii associates with SYNs, but 337 

a likely stage is during the early phase of gliding motility prior to the second phase of attachment 338 

mediated by secretion of microneme and rhoptry organelles (22).  One possibility is that when 339 

parasites encounter SYNs they glide less efficiently to CYTs or placental fibroblasts, which 340 

ultimately results in significantly reduced “full” attachment (mediated by microneme and rhoptry 341 

secretion).  Differences in membrane biochemistry in SYNs versus CYTs and fibroblasts could 342 

underlie these important differences in early parasite association.  However, once secondary 343 

attachment occurs invasion may then proceed normally, when parasites encounter a second level 344 

of resistance.  345 

In mid-gestation chorionic villi, the poor association/attachment phenotype was even more 346 

profound than that observed in PHT cells, with little to no parasite association with the villi 347 

observed. These findings suggest that in addition to biochemical surface differences between 348 

SYNs and CYTs, the morphology of the SYN layer itself may directly impact parasite association 349 

and attachment.  This could be influenced by a number of morphologic differences in this model, 350 

including the positive membrane curvature associated with the significant branching of the 351 

placental villous trees, which might impact lipid and/or protein composition. In addition, the apical 352 

surfaces of SYNs associated with placental explants may be more differentiated than PHT cells, 353 

which might impact parasite attachment through the presence of a highly dense brush border in 354 

the explant model. Consistent with this, we previously observed very little T. gondii attachment in 355 

a bead-based three-dimensional cell line model of human SYNs, which also induces significant 356 

membrane curvature and allows for the formation of a well-differentiated brush border (7).   357 

 For parasites that attach to the SYN layer, our data suggest a second level of resistance 358 

to infection that occurs post-invasion. Importantly, in contrast to other cells types, our data show 359 

that this resistance is not mediated by IFNγ, which is not basally expressed in PHT cells or 360 
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induced by T. gondii infection. Furthermore, we did not find any evidence for autophagy- or 361 

lysosomal-mediated degradation pathways in the intracellular restriction of parasite replication.  362 

To date, all known “cell-autonomous” mechanisms of parasite killing in human cells rely on 363 

previous stimulation with IFNγ. For example, IFNγ can induce a variety of downstream effector 364 

mechanisms depending on the cell type, including tryptophan starvation in HFFs (23, 24), 365 

decoration of the vacuole with guanylate binding proteins (25), ubiquitin or other markers for 366 

autophagy including LC3B (26, 27).  Ultimately, these pathways would lead to lysosomal fusion 367 

with the parasite-containing vacuole and parasite destruction which we did not detect in infected 368 

SYNs at any timepoint tested.  Our data show that SYNs are Toxoplasmacidal, and T. gondii that 369 

invade this specific trophoblast cell type are able to form what appear to be functional vacuoles, 370 

but are ultimately destroyed in a fashion reminiscent of some Toxoplasmacidal drugs (8, 28).  371 

Hallmarks of parasite killing are vacuolation of the parasites, breakdown of the vacuolar 372 

tubulovesicular network, and lack of integrity of the parasitophorous vacuolar membrane and 373 

leakage of host cytoplasmic contents into the lumen of the compromised vacuole.  These data 374 

place PHT cells, and specifically the subpopulation of fused SYNs, into a rare class of cells that 375 

not only restrict the growth of T. gondii after invasion in the absence of any external stimuli, but 376 

actively destroy invaded parasites.  While we did not compare them head to head with SYNs, 377 

neutrophils restrict T. gondii growth after invasion but are possibly less Toxoplasmacidal 378 

compared to SYNs given that neutrophils have been implicated in the spread of T. gondii 379 

throughout the intestine in a murine model (29).  Head-to-head comparisons between SYNs and 380 

innate immune cell types like neutrophils will help to illuminate what potential killing mechanisms 381 

might be shared, or not, between these cell types. 382 

In addition to resisting T. gondii infection, our data show that PHT cells robustly induce the 383 

chemokine CCL22 in response to infection by a Myr-1 dependent effector secretion mechanism.  384 

We do not know which cell types within the PHT preparation produce CCL22 after exposure to T. 385 

gondii, but given the dependence upon successful invasion on this response a good candidate 386 
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cell type is the CYT rather than the SYN, although cell-specific analyses are required to address 387 

this directly.  Importantly, the major inflammatory responses induced in PHT cells by T. gondii 388 

infection are not induced (or induced much more poorly) after infection with N. caninum, a near 389 

relative of T. gondii that does not successfully infect humans or rodents, suggesting that it may 390 

be a host and/or parasite adaptation that may impact disease outcome.   391 

The precise role of CCL22 in human pregnancy is unknown, but maternal cells express 392 

CCL22 at low levels throughout pregnancy, with increased levels associated with miscarriage 393 

(12). Moreover, the induction of chemokines, including CCL22 and CCL17, are associated with 394 

preterm birth in humans (30) and in small animal models (31). The precise role played by CCL22 395 

during T. gondii vertical transmission remains to be determined.  However, exposure of PHT cells 396 

to recombinant CCL22 had no impact on parasite replication (Supplemental Figure 3), 397 

supporting the idea that it has no direct anti-parasitic activity. A likely scenario is that the induction 398 

of CCL22 is aimed at alerting the maternal immune system to placental infection, where it could 399 

play any number of roles in mediating the dialogue between maternal and fetal tissues, such as 400 

enhancing immune cell-mediated protection at the maternal-fetal interface, or in terminating the 401 

pregnancy should levels reach a specific threshold. Given that CCL22 levels are elevated in 402 

maternal serum during healthy, infection-free pregnancies (12, 13), CCL22 and its recruitment of 403 

regulatory T cells may also play a role in immune tolerance throughout gestation, which is 404 

modulated in response to infection. 405 

Our findings provide important insights into the molecular and cellular pathways utilized 406 

by human SYNs at both late and mid stages of gestation to restrict T. gondii access to the fetal 407 

compartment. In addition, by characterizing the immunological pathways induced by T. gondii 408 

infection of SYNs, our findings have uncovered potentially novel biomarkers of infection severity 409 

that might have important roles in shaping the maternal systemic immune response.  These 410 

findings provide an example of the signaling crosstalk that exists between the maternal and fetal 411 

compartments and the mechanisms by which this signaling is impacted by parasite-associated 412 
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effectors. Taken together, these findings provide important insights into T. gondii-induced 413 

congenital disease that could lead to the design of novel therapeutics aimed at reducing 414 

congenital toxoplasmosis.  415 

 416 

MATERIALS AND METHODS 417 

Cell culture  418 

All cell and tissue cultures were incubated at 37°C and 5% CO2 and all media were supplemented 419 

with 10% FBS and 50 µg/mL penicillin/streptomycin. JAR and HTR8 cells were grown in RPMI-420 

1640 media (HyClone); BeWo cells in F-12K (Corning); and JEG-3 cells in Eagle’s Minimum 421 

Essential Medium (EMEM; Lonza). To induce fusion of BeWo cells, cells were treated with 10 µM 422 

forskolin for 24 hours, then washed with PBS before infection. Primary human trophoblast (PHT) 423 

cells were isolated from healthy, term-pregnancies, and were cultured as described previously(3, 424 

9). PHT cells were cultured for ~48h prior to infection to allow for SYN formation. Primary placental 425 

fibroblasts were isolated and cultured as described previously(32).  426 

 427 

Midgestation Placental Explants 428 

Human placental tissue from less than 24 weeks gestation was obtained from the University of 429 

Pittsburgh Health Sciences Tissue Bank through an honest broker system after approval from the 430 

University of Pittsburgh Institutional Review Board and in accordance with the University of 431 

Pittsburgh anatomical tissue procurement guidelines. Chorionic villi, fetal membrane, and decidua 432 

were dissected and cultured in DMEM/F12 (1:1) supplemented with 10% FBS, 433 

penicillin/streptomycin, and amphotericin B. For T. gondii infections, isolated tissue was infected 434 

immediately following isolation with 2.5x104-1x107 parasites for ~24hrs. For imaging, tissue was 435 

fixed in 4% paraformaldehyde and imaging performed as detailed below.  436 

 437 
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Parasites 438 

Type I (RH) and type III (CEP) T. gondii and N. caninum (NC-1) tachyzoites were used for this 439 

study. All parasites were maintained by continual passage in human foreskin fibroblast (HFF) 440 

cultures incubated at 37°C and 5% CO2 in DMEM supplemented with 10% FBS, 50 µg/mL 441 

penicillin/streptomycin, and 2mM glutamine. The YFP-RH was a gift from David Roos, and the 442 

RH-MYR1-KO and RH-MYR1-KO/complemented parasites were gifted by John Boothroyd. For 443 

infections, infected monolayers were scraped and syringe-lysed to release the tachyzoites. These 444 

parasites were then pelleted at 800 x g for 10 minutes, resuspended in fresh media, filtered 445 

through a 5 µm filter, and counted to determine the appropriate dilution for infection. Mock 446 

inoculum was produced by filtering out the tachyzoites with a 0.2 µm filter.   447 

Parasite growth curves were generated by luciferase assay (Promega) using luciferase-448 

expressing CEP parasites. Briefly, at each time-point, samples were lysed using the passive lysis 449 

buffer (Promega) and stored at -20°C until at least 8h past the last time-point collection. Samples 450 

were then thawed and incubated with substrate, and fluorescence was measured. 451 

 452 

RT-qPCR and RNAseq 453 

RNA was isolated from cultures using the GenElute™ Mammalian Total RNA Miniprep Kit (Sigma) 454 

and the associated DNase digestion set (Sigma). Both a NanoDrop and an Agilent bioanalyzer 455 

were used to determine sample quality. Sequencing libraries were prepared from 0.2-0.9 µg of 456 

total RNA by the TruSeq Stranded mRNA Library Preparation Kit (Illumina). The Illumina NextSeq. 457 

500 was used for sequencing. CLC Genomics Workbench 9 (Qiagen) was used to map the RNA-458 

seq FASTQ reads to the human reference genome (hg19). Differential expression analysis was 459 

performed using the Deseq2 package in R(33) using a significance cutoff of Padj < 0.01, unless 460 

specified otherwise. Analysis of mock and T. gondii-infected HFF cells was based on datasets 461 

previously published and deposited into the Sequence Read Archive (SRA): SRR2644999, 462 
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SRR2645000, SRR2645001, SRR2645002, SRR2645003, and SRR2645004.  Hierarchical 463 

clustering of log2 transformed RPKM data was performed using MeViewer TM4 software.  Data 464 

were either clustered as is or linearly mean centered using Euclidian distance.  Color scales were 465 

adjusted for presentation purposes.  RNAseq data have been deposited in the NIH short read 466 

archive (accession numbers pending).   467 

For RT-qPCR analyses, RNA was isolated as described above and cDNA generated using 468 

the iScript cDNA synthesis kit (Bio-Rad), followed by qPCR using a StepOnePlus Real-Time PCR 469 

System (ThermoFisher). The DCT method was used to determine gene expression and 470 

normalized to the human actin CT of each sample. Primer sequences were as follows: Actin—471 

ACTGGGACGACATGGAGAAAAA (Forward, 5’-3’); GCCACACGCAGCTC (Reverse, 5’-3’). 472 

CCL22—GTGGTGTTGCTAACCTTC (Forward, 5’-3’); GGCTCAGCTTATTGAGAATC (Reverse, 473 

5’-3’). 474 

 475 

Microscopy 476 

Cell monolayers and placenta explants were fixed in 4% paraformaldehyde and permeabilized 477 

with 0.1% Triton X-100 in 1x PBS. Primary antibodies were incubated for 1h at room temperature, 478 

followed by washing, then secondary antibodies conjugated to Alexa Fluor (Invitrogen) 479 

fluorophores for 30min at room temperature. Following washing, cells/explants were mounted 480 

with DAPI-Vectashield (Vector Laboratories) and imaging performed on an Olympus FV1000 481 

laser scanning confocal microscope, a Zeiss LSM 710,  or an Olympus IX83 inverted microscope. 482 

In some cases, imaged were adjusted for brightness and contrast using Photoshop or Fiji/Image 483 

J. Image J was used for image analyses. Transmission electron microscopy was performed as 484 

described previously (9).  485 

Reagents and antibodies used for immunostaining studies include Alexa Fluor 594 or 633 486 

conjugated phalloidin (Invitrogen), cytokeratin-19 (Abcam), LAMP2 (Santa Cruz), SAG-1 (mouse 487 

monoclonal D61S; ThermoFisher).  488 
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 489 

CCL22 ELISA 490 

CCL22 ELISAs were performed with the human CCL22/MDC DuoSet ELISA (R&D Systems) as 491 

per the manufacturer’s instructions. 492 

 493 

Luminex 494 

Conditioned media from cells was analyzed by multiplex luminex by the University of Pittsburgh 495 

Cancer Institute (UPCI) Cancer Biomarkers Facility: Luminex Core Laboratory that is supported 496 

in part by award P30CA047904. 497 

 498 

Statistics 499 

All statistics were calculated using GraphPad Prism. Experiments were performed with 500 

independent preparations of PHT cells and second trimester villous explants. The data are 501 

presented as the mean ±SD. The individual statistical analyses and associated P values are 502 

described in the individual figure legends. 503 
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 607 

 608 
 609 
 610 
Figure 1. Placental syncytiotrophoblasts resist T. gondii infection. (A) Left, 611 
immunofluorescence microscopy of PHT cells inoculated with T. gondii RH strain (green) for ~24h. 612 
Cytokeratin-19 is shown in red; DAPI in blue. SYN (outlined in cyan), CYT (outlined in yellow), 613 
and placental fibroblast (PF, outlined in white). PF cells are distinguished by the lack of 614 
cytokeratin-19 (red). Right, percentage of cell area occupied by T. gondii, as compared between 615 
CYT and SYN. NCYT=24, NSYN=9. 2-tailed T-test P<0.0001 with Welch correction for unequal 616 
variances. (B), Transmission electron microscopy of PHT cells infected with T. gondii (RH) for 617 
~23hpi. Mononucleated CYT at left and SYN, identified by its more than two nuclei at right. Scale 618 
bar is 2 µm. 619 

 620 
 621 

 622 
 623 
 624 
 625 
 626 
 627 
 628 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 1, 2017. ; https://doi.org/10.1101/170944doi: bioRxiv preprint 

https://doi.org/10.1101/170944


	 24 

 629 
 630 
Figure 2. SYN-mediated restriction of T. gondii infection is not the result of autophagy,  631 
lysosomal degradation, or inability to invade. (A) Heat-map of innate immune effector gene 632 
expression as determined by RNAseq of uninfected and T. gondii-infected HFF, JEG-3, and PHT 633 
cells. (B) PHT cytokine secretion as detected by luminex assay of media from mock and T. gondii-634 
infected PHT cells. (C) Immunofluorescence microscopy of PHT cells infected with T. gondii (RH) 635 
(green) at 8hpi. (Top) Infection with YFP-RH at MOI=10; p62 staining is shown in red. (Bottom) 636 
Infection with RH (anti-GRA2, green) at MOI=2; lysosome-associated membrane protein 2 637 
(LAMP2) is shown in red; DAPI in blue (D, E) Quantification of inside/outside staining of T. gondii 638 
(YFP-RH) infected PHT cells at 2hpi, MOI=1. Using DIC/DAPI images, cells were classified as 639 
mononucleated (CYT) or multinucleated (SYN). (D) To compare the attachment efficiency 640 
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between cell types, the number of internalized parasites per 2D cell area was calculated for 813 641 
cells (NCYT=729, NSYN=84) and the resulting distributions were compared using the Kolmogrov-642 
Smirnoff test. The comparison used was: CYTinside vs SYNinside (P=0.010). (E) Comparison of 643 
percent invaded parasites of all parasites-associated cells by cell type ((NCYT=176, NSYN=34). 644 
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 692 

 693 
 694 
Figure 3:  PHT cells infected with Toxoplasma gondii have a unique transcriptional 695 
response to infection.  A)  Heat map of all genes with significantly higher transcript abundance 696 
in T. gondii infected PHT cells compared to mock (P<0.01; Fold-change >4).  B)  Genes with 697 
significantly higher (P<0.01; fold-difference >=4) in PHT cells, HFFs and JEG3s.  C)  698 
Hierarchically clustered heat map of 40 genes induced in infected PHT cells.  Cluster 1 contains 699 
genes that are induced in other cell types, while cluster 2 consists primarily of transcripts induced 700 
by T. gondii infection only in PHT cells (27/30). Transcription factors and chemokines and their 701 
receptors are indicated with asterisks.  D)  CCL22 transcript (left) and secreted protein (right) 702 
levels in T. gondii-infected PHT cells.  N=2 for each assay.  E)  Induction of CCL22 secretion in 703 
PHT cells requires live parasites.  Parasites were incubated at 23 \degrees C or 65 \degrees C 704 
for 1 h prior to being used to infect PHT cells.  ***:P<0.001 following 1 way ANOVA and multiple 705 
comparisons post-hoc tests.   706 
  707 
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 708 
Figure 4:  Infection-modulated gene expression is specific to T. gondii and requires 709 
parasite effectors.  A)  Heatmap of 59 genes induced by at least 1.8-fold in PHT cells (P<0.01) 710 
after infection with T. gondii RH strain (MOI=3).  Raw count data were converted to normalized 711 
FPM using DESeq2.  Data are also shown for N. caninum-infected (N=3) and Mock-infected (N=2) 712 
PHTs, and mean centered data were clustered by sample and gene using the Euclidean Distance 713 
(implemented in MeViewer; TM4 microarray suite; See Methods).  B)  MA plots of PHTs 714 
comparing gene expression profiles in Mock and parasite-infected cells for all 23,735 queried 715 
genes.  Genes of higher abundance in uninfected cells are indicated by positive changes and 716 
those of higher abundance in infected cells are indicated by negative changes.  C)  In T. gondii 717 
infected PHTs, 206 genes were found to be of higher abundance compared to Mock-infected 718 
cells, while only 10 such genes were found in N. caninum-infected PHTs, consistent with the MA 719 
plots in B above.  D)  ELISA showing induction of CCL22 secretion in PHTs infected with T. gondii, 720 
but not N. caninum.  Host cells were infected with an MOI of 2 (for each parasite species) and 721 
supernatants were harvested at the indicated time points.  N=2-3 wells for all treatments except 722 
for 48 h T. gondii and T. gondii/N. caninum (N=1).  E)  PHTs were infected with NC1:dsRED N. 723 
caninum (MOI=3) for 24 h, and stained with cytokeratin 19 antibodies and DAPI.  Similar to T. 724 
gondii, N. caninum grew efficiently in PFs (yellow outlines), CYTs (white outlines) and poorly or 725 
not at all in SYNTs (blue outlines).  F)  CCL22 induction in PHT cells is requires MYR1.  PHTs 726 
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were infected with either wild type RH:YFP T. gondii, RHΔMYR1, or RHΔMYR1 complemented 727 
with an HA tagged copy of MYR1 (RHΔMYR1c).  N=3 for each T. gondii strain.   728 
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 778 

 779 
 780 
 781 
Figure 5. Chorionic villous explants from the second trimester are resistant to T. gondii 782 
infection and induce similar cytokine profiles in response to T. gondii as full-term PHT 783 
cells.  (A) Immunofluorescence microscopy of uninfected second trimester placental villous 784 
explant with SYN localization indicated. Cytokeratin-19 in green; actin in red; DAPI in blue. (B) 785 
Immunofluorescence microscopy of mid-gestation villi (left panel), fetal membrane (middle panel), 786 
or decidua (right panel) inoculated with 107 T. gondii (RH strain) for 24h. T. gondii in green; 787 
cytokeratin-19 in red; actin in magenta; DAPI in blue. White arrows denote single parasites in 788 
isolated villi and PVs in fetal membrane and decidua.  (C), Immunofluorescence microscopy of 789 
mid-gestation villi inoculated with 107 T. gondii (RH strain) for 24h. T. gondii in green; cytokeratin-790 
19 in red; actin in magenta; DAPI in blue. Zoomed image from white box denotes PVs in CYTs 791 
located beneath a tear in the SYN (white arrow). (D,E) RNA-Seq analysis of T. gondii-infected 792 
villous explants. Venn diagram (D) and heat map (E) showing a subset of genes that are similarly 793 
induced in one of the T. gondii-infected villous explants (explant 5) and PHTs.  Genes were 794 
selected if they were at least 2-fold induced compared to mock and significant using a DESeq2-795 
determined adjusted P-value<0.05.  Explant data in heat map are from 3 genetically distinct 796 
placenta preparations, while PHT data shown are the same as in Fig. 3.   (F) ELISA showing T. 797 
gondii (RH strain)-mediated enhancement of CCL22 secretion from villous explants at 24hpi. 798 
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 802 
 803 
Supplemental Figure 1: (A, B) Immunofluorescence microscopy of HFF and PHT cultures 804 
inoculated with T. gondii RH strain (green) at MOI= for 24h. (A) Representative images of HFF 805 
(left) and PHT (right) cultures. Actin is shown in red;; DAPI in blue. (B) Ratio of parasite to host 806 
cell areas based on immunofluorescence of five fields of view per culture. P=0.0064 based on 2-807 
tailed T-ˇtest. (C, D) Growth curves of T. gondii CEP strain at MOI=0.5 in the indicated cell types, 808 
as measured by luciferase expression by parasites. Growth over time is indicated in relative light 809 
units (RLU) as normalized to expression at 4hpi;; and represented by the mean of three samples 810 
plus standard deviation. (C) T. gondii growth in three different trophoblast cell lines (BeWo, HTR8, 811 
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and JEG-ˇ3) as compared to HFF cells. (D) Comparison of T. gondii growth in primary cultures of 812 
HFF and PF (placental fibroblasts). (E), T. gondii (CEP) growth in HFF and BeWo cultures +/-ˇ 10 813 
μM forskolin pretreatment at MOI=0.5 as measured by luciferase expression by parasites. Growth 814 
over time is indicated in relative light units (RLU) as normalized to expression at 4hpi and 815 
represented by the mean of three samples plus standard deviation. 816 
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 863 
 864 
Supplemental Figure 2. Immunofluorescence microscopy of PHT cells infected with T. gondii 865 
(YFP-RH, MOI=4) (green) In (A), LC3b staining is shown in yellow, actin in red, and DAPI-stained 866 
nuclei are shown in blue at 8rs p.i. In (B), lysosome-ˇassociated membrane protein 2 (LAMP2) is 867 
shown in red and DAPI is shown in blue at 24hrs p.i.. 868 
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 883 
 884 
 885 
Supplemental Figure 3. Immunofluorescence microscopy of PHT cells treated with 1ng/mL of 886 
recombinant CCL22 for 24hrs prior to infection with YFP-RH, MOI=3 for 24hrs. DAPI is shown in 887 
blue and cytokeratin-19 is in red. 888 
 889 
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