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Abstract

:

Since the explosive outbreak of Zika virus in Brazil and South/Central America in 2015–2016, the frequency of infections has subsided, but Zika virus remains present in this region as well as other tropical and sub-tropical areas of the globe. The most alarming aspect of Zika virus infection is its association with severe birth defects when infection occurs in pregnant women. Understanding the mechanism of Zika virus pathogenesis, which comprises features unique to Zika virus as well as shared with other teratogenic pathogens, is key to future prophylactic or therapeutic interventions. Nonhuman primate-based research has played a significant role in advancing our knowledge of Zika virus pathogenesis, especially with regard to fetal infection. This review summarizes what we have learned from these models and potential future research directions.
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1. Zika Virus Emergence


Zika virus (ZIKV) is a mosquito-borne flavivirus that emerged as a major public health threat in South and Central America in 2015–2016. ZIKV was initially isolated from a sentinel rhesus macaque in 1947 in the Zika Forest of Uganda [1]. Until 2007, ZIKV had circulated silently in many parts of Africa and Asia without causing severe disease or large outbreaks, with fewer than 20 documented human infections [2]. However, large outbreaks (in what were presumably immunologically naïve populations) were detected on the Micronesian island of Yap in 2007, and in French Polynesia in 2013. These outbreaks preceded the introduction of the virus into Latin America in 2014–2015. ZIKV is primarily transmitted by Aedes species mosquitoes [3]. In addition, ZIKV infections acquired via sexual transmission and blood transfusion have been described [4,5]. In healthy adults, infection is usually asymptomatic, but may result in a mild, self-limiting febrile illness, characterized by a rash, headache, myalgia, and conjunctivitis (reviewed in [6]). However, during the recent epidemics, ZIKV infection was associated with more severe disease, including Guillain-Barré syndrome (GBS) in adults and congenital malformations in the fetus of infected pregnant women (e.g., microcephaly and fetal demise) [7,8,9]. Although the number of suspected/confirmed ZIKV cases in the western hemisphere has dramatically declined since its height of >650,000 in 2016, the virus remains present, with approximately 20,000–35,000 cases/year from 2018 to 2020 [10]. Additionally, sporadic outbreaks of ZIKV infection continue to occur in Africa and Asia [11].



The link between ZIKV infection and neurological abnormalities, now recognized as congenital Zika syndrome (CZS), in neonates is well established [12]. CZS comprises a spectrum of phenotypes, ranging from congenital microcephaly to more subtle phenotypes that manifest later in life. These include ocular and auditory abnormalities, cognitive and motor deficits, and seizures. Cohort studies attempting to determine the risk of adverse outcomes following congenital infection have reported widely varying estimates. Data from Rio de Janeiro, Brazil, described adverse outcomes from ZIKV infection in 46% of pregnancies [7], while data collected from the US and US territories show an adverse outcome rate of 5–14% [13,14]. These discrepancies may be due in part to regional differences in ZIKV diagnosis or reporting. Nevertheless, it is possible that the full impact of the ZIKV outbreak will not be appreciated until those born to infected women approach adulthood.




2. Nonhuman Primate Models of ZIKV Infection and Disease


Nonhuman primates have been, and continue to be, integral to understanding the spectrum of phenotypes associated with congenital ZIKV infection. ZIKV infection has been extensively modeled in several species of nonhuman primates (NHP). The pathology of ZIKV infection in the adult macaque is generally limited to a transient rash, conjunctivitis, and fever. Viremia (as assessed by viral RNA or infectious virus) is observed as early as one day post-infection (dpi), following sub-cutaneous infection, and is usually resolved by 10 dpi. During this time period, ZIKV RNA can also be detected in the urine, saliva, and lacrimal fluid, as well as cerebral spinal fluid, and semen or vaginal swabs, which indicates that the virus is capable of quickly developing a widespread infection [15,16,17,18]. This finding is corroborated by detection of the viral RNA in multiple tissue types, including lymphoid, digestive, cardiopulmonary, musculoskeletal, genitourinary tract, nervous, and endocrine [16,17,19]. The infectious virus can generally be isolated from tissues with high viral RNA levels during the viremic period. While viral loads are highest shortly following peak viremia, the virus can persist in certain tissues for months. Notably, viral RNA was detected in primary and secondary lymphoid tissue, and found to persist in the lymph nodes of some animals through 72 dpi. Other areas from which viral RNA was detected include the stomach and regions of the small and large intestines, muscle and joint tissue, and tissues of the urogenital tract in males and females.



As with humans, infection of pregnant female macaques has resulted in a range of fetal outcomes. Fetal loss occurs at a four-fold higher rate in ZIKV-infected rhesus macaque dams when compared to ZIKV-unexposed animals housed at the same locations [20]. In surviving NHP fetuses (rhesus and pigtail macaques, and squirrel monkeys), delivered near or at term, neurological pathology similar to that found in human fetuses has been observed. Histopathologic findings in the brains of these animals include calcifications, loss of neuroprogenitor cells, gliosis, vasculitis, lissencephaly, loss of ventricular ependyma, and reduced brain size [21,22,23,24,25,26,27,28]. Frank microcephaly, defined as head circumference < 2 standard deviations below aged matched controls, is occasionally observed. Notably, microcephaly in humans is sometimes inapparent until several months after birth, indicating that neuronal damage may result in continuing developmental abnormalities and delays [13,29]. Studies of neonatal rhesus macaques born to ZIKV-exposed mothers described phenotypes ranging from clinically inapparent to severe, including seizures, tachypnea, reduced muscle tone, and cardiomegaly. Histopathological evaluation of neonatal brain and tissues collected 17 d post-delivery yielded findings similar to those found in fetuses examined at delivery, even in cases in which clinical abnormalities had not yet manifested.




3. ZIKV Infection of the Placenta


Although the mechanism of ZIKV-induced fetal injury remains unclear, a combination of factors is likely involved. Infection of fetal neuronal cells, especially neural progenitor cells, clearly drives many of the pathologies associated with CZS. Indeed, post-natal infection of infant rhesus macaques (~37 days old) resulted in neurotropism and central nervous system abnormalities similar to those associated with congenital infection [30].



Additionally, ZIKV-induced placental damage and inflammation are frequent findings post-ZIKV infection, suggesting that this may also contribute to adverse pregnancy outcomes. NHPs are a highly relevant and suitable animal model for translational studies of placental structure, function, and response to infection. The placenta of mammals is classified based on criteria of gross shape, histological structure, and composition of the maternal to fetal transfer barrier [31,32]. The human placenta is discoid in shape, and is deeply invasive in the maternal uterine wall, leading to a hemochorial classification, where maternal blood comes in direct contact with the fetal chorion. Placentation varies across different animal species with primates, rodents, and rabbits being most closely related to humans. Further categorization at the cellular level is based on the presence of one (hemomonochorial), two (hemodichorial), or three (hemotrichorial) trophoblast cell layers found in primates, rabbits, and small rodents (mice and rats), respectively. In addition to the similarities of placentation, the NHP has a long gestational period of 6 months, shares key aspects of hormonal regulation, and has a comparable fetal developmental ontogeny to humans [33].



Data generated from in vitro model systems in combination with animal studies have greatly advanced knowledge of the effects of ZIKV infection of the placenta in the past five years. In particular, much has been learned about the timing of infection and susceptibility of different cell types that allow maternal to fetal transmission across the placental barrier. The uteroplacental environment is immunologically privileged [34,35,36], and TORCHs(z) (Toxoplasmosis, Other, Rubella, Cytomegalovirus, Herpes, Syphilis, and now Zika virus) infections are common at this interface [27,37,38,39,40,41,42,43,44,45] (Table 1). Although it is overly simplistic to equate pregnancy with immune suppression, certain immune cell subsets, generally associated with an anti-inflammatory phenotype, are prevalent in circulation, and in the placental and uterine environment. In the human placenta, a large proportion of the decidua is comprised of leukocytes (~40%), with decidual natural killer cells (dNKs) representing a majority of the cells (~70%), followed by decidual macrophages (20–25%), and T cells (3–10%) [46]. During normal pregnancy, there is a general bias toward T-helper (Th)2 cells compared to Th1, as well as an increase in the population of regulatory T cells (Treg) [47]. Within the decidua, the CD4+ T cells Th2 phenotype is promoted by IL-13, Il-10, IL-4, and IL-6 produced by placental supporting cells [48]. Further, placental macrophages (both decidual macrophages and villous stromal macrophages) skew towards an M2 phenotype (CD163+, anti-inflammatory, and Th2-promoting) upon the completion of placental development [49,50]. This regulatory phenotype is believed to be influenced by M-CSF and IL-10 secreted by trophoblasts.



ZIKV infects maternal decidual macrophages, mesenchymal cells, immature endothelial cells, placental trophoblasts, and placental villous stromal macrophages (Hofbauer cells) at the uteroplacental interface [55,63]. In the context of ZIKV infection, there is an increase in the number of pro-inflammatory M1 macrophages, as well as a significant increase in the number of activated (CD169+) monocytes. Additionally, proliferation of CD4+ T-cells is increased in ZIKV-infected placentas compared to uninfected controls [27]. Early pregnancy infections are more likely to affect the placenta due to the predominance of replicating cytotrophoblastic anchoring columns, which attach the placenta to the uterine decidua, and the pro-angiogenic environment in both the maternal uterine arteries and fetal placenta [7,64,65,66]. The syncytiotrophoblast monolayer is a formidable obstacle to vertical viral transmission [34,36]. Viral replication in the syncytiotrophoblast layer is inhibited, but viral transport through this layer to the underlying susceptible cytotrophoblasts does occur, although less efficiently later in gestation [7,63,65]. In contrast, replicating cytotrophoblasts in the anchoring columns and immature proliferating endothelial cells are more susceptible to viral infection [7,64,65,66]. Once past the contiguous syncytiotrophoblast barrier, the virus is free to replicate in stromal Hofbauer cells [43,45] and fetal endothelial cells in developing villi [67,68].



ZIKV is about twice as likely to infect the placenta early in pregnancy compared to later gestational ages [7,65]. There is a range of reported uteroplacental findings, including Hofbauer cell hyperplasia [27,43,44,45,55], chronic histiocytic intervillositis [42], placental infarctions, and increased numbers of villous stromal calcifications [27,45]. Variation in pathologic findings between studies could be related to the timing of infection, viral load, and viral strains. Vasculitis is common in systemic viral infections, and maternal decidual leukocytoclastic vasculitis associated with ZIKV has been reported [27,44]. The susceptibility of pro-angiogenic immature endothelial cells [67,69], proliferating as part of pregnancy-induced uteroplacental vascular remodeling, suggests decidual vasculitis may be more ubiquitous than currently appreciated.



One of our research group’s focused objectives has been to use advanced noninvasive imaging modalities to understand ZIKV in utero. Specifically, we have employed ultrasound and magnetic resonance imaging (MRI) methodologies to make novel observations of how ZIKV alters placental structure and subsequently impacts function. Our data have demonstrated perturbed maternal perfusion of the placental intervillous space with increased vascular resistance, despite an overall decrease in blood flow. This finding is correlated to an increase in fibrin deposition and decreased lumen diameter in the spiral arteries. In addition, we demonstrated an increase in villous damage with histological evidence of infarctions and calcification, macrophage activation, and increased cytokine expression, all of which correspond to the reduced oxygen permeability demonstrated by our blood oxygenation-dependent MRI data [27].



Endothelial cell damage in maternal uterine arteries would impact uteroplacental blood flow [27]. Loss of placental villous endothelial cells would lead to stromal cell death necrosis, and mineralization (calcifications) [70]. Although the fetal blood vessels and stromal cells die, the surrounding cytotrophoblasts and syncytiotrophoblast layer remain intact due to maternal nutrient supply from the intervillous space and relatively increased resistance to oxidative stress. This is a normal process in placental membrane formation at the end of the first trimester [70], but it is pathologic in chorionic villi essential for maternofetal exchange. Villous calcification is not specific for ZIKV infection, because it also occurs as the placenta ages, and in placentas from obese mothers on high-fat diets [71].



In nonhuman primate models of ZIKV infection [24,27,44], maternal uterine vasculitis is a conspicuous feature along with placental infarctions and villous stromal calcifications (Figure 1). There is pronounced leukocytoclastic vasculitis in cases infected early in pregnancy (30–50 days of gestation, where term is ~168 days), with a mixture of lymphocytes, plasma cells, and a few eosinophils infiltrating the decidual spiral artery muscular wall. This type of vasculitis is usually related to hypersensitivity reactions, but viral infections are also a well-recognized cause of hemorrhagic leukocytoclastic vasculitis in the skin [68]. In our experiments, spiral artery vasculitis was absent in cases infected later in gestation (115 days of gestation), and these late exposures had fewer plasma cells in the decidua, fewer placental villous calcifications, and only microscopic placental infarctions [27]. We suspect the differences observed between early and late Zika infections may be related to differences in tissue susceptibility (less angiogenesis and no proliferating cytotrophoblast anchoring columns) [63,64,65], or the shorter timeframe between infection and tissue collection for analysis.



An alternative working hypothesis may be related to fetoplacental metabolic demand versus maternal nutrient supply. An infected placenta would be expected to have increased metabolic demands that would be more likely to develop oxidative stress and cell death. The patchy, rather than diffuse, presentation of placental pathology argues against increased fetal demands. Moreover, we think the metabolic demand hypothesis is less likely because fetoplacental demands increase with gestation, which is why gross and histologic features of maternal vascular malperfusion are much more common in the third trimester compared with early pregnancy [72].




4. Maternal and Fetal Immune Response to ZIKV Infection


To evaluate the maternal immune response post-ZIKV infection, researchers have primarily utilized blood samples and isolated PBMCs collected at various dpi. It is important to note that due to the limited amount of data on the maternal immune response post-ZIKV infection, the results described herein are a summation of multiple studies utilizing different NHP species, virus strains, and infection time points ranging from the first to the third trimester [21,22,24,27,73]. Any significant effect of these variables is emphasized. Using phenotypic analysis of PBMCs by flow cytometry with antibody panels designed to identify immune cell populations, CD16+ NK cells, monocytes, macrophages, and myeloid DC cell populations were shown to be activated (CD169+) by 5 dpi, with prolonged activation in some animals to 85 dpi [27,73]. CD8+ T cell proliferation, measured by Ki67 staining, is also increased after ZIKV infection, peaking from 5–14 dpi for effector memory (Tem) and central memory (Tcm) subsets with a second peak at 56 dpi for Tem and Tcm subsets [21,27,73]. Activated MR1 Tet− CD69+ CD8+ T cell numbers were also elevated between 2 and 7 dpi [21]. B cell proliferation was maximal between 10 and 14 dpi [27]. In a study by Nguyen et al., the number of circulating plasmablasts increased more slowly when animals were infected in the third trimester versus infection during the first trimester, but the overall endpoint response did not differ between first or third trimester infection [73].



The most studied aspect of the ZIKV specific maternal immune response is the development of virus neutralizing antibodies. Multiple studies have identified the presence of neutralizing antibodies in pregnant animals with initial detection ranging between 6 and 18 dpi and peaking at an average of 14–21 dpi [21,22,23,24,27,73]. Nguyen et al. observed at 28 dpi that pregnant animals developed neutralizing antibody profiles similar to ZIKV-infected nonpregnant animals, regardless of the trimester of infection. In contrast, rhesus macaques infected between 42 and 98 days of gestation (strain Paraiba 2015) showed substantially higher neutralizing antibodies eight weeks post-infection as compared to infection-matched nonpregnant females [24]. Neutralizing antibodies have been described as an important immune correlate of protection against ZIKV infection. In nonpregnant NHPs, rechallenge and vaccine experiments have demonstrated the protective capacity of neutralizing antibodies; antibody titer correlates positively with protection (reviewed in [74]). However, the role of neutralizing antibodies in protection against fetal infection during pregnancy is complex. Placental infection may occur prior to 14 dpi, suggesting the maternal immune response may not have time to develop in time to protect the fetus [26,27]. Further, the administration of neutralizing antibodies at peak viremia to infected pregnant NHPs did not protect against fetal ZIKV infection or virus detection in amniotic fluid, despite clearing the virus from maternal sera [75]. Neutralizing antibodies of maternal origin have been detected in the amniotic fluid and fetal serum at birth, recapitulating what has been observed in humans [22,23,27,76,77,78]. Notably, antibody-mediated protection of the fetus does seem to be limited. At birth, NHP infants born to dams infected with ZIKV during pregnancy have higher levels of inflammatory cytokines in their peripheral blood, cerebrospinal fluid, and amniotic fluid [27]. Maternal antibodies have also been hypothesized to exacerbate fetal infection through antibody-dependent enhancement (ADE). ADE, in which virus uptake and infection are increased via the interaction of cellular Fcγ receptors with an antibody-bound (but not neutralized) virus, has been most prominently demonstrated during sequential infection with heterologous serotypes of dengue virus [79]. ADE of ZIKV infection has also been demonstrated with anti-DENV antibodies in vitro and in mice [80], although not in NHPs or humans [81,82,83,84,85]. However, the ability of maternal antibodies to enhance ZIKV infection in culture demonstrated a positive correlation between enhancement titers and adverse pregnancy outcomes in humans and NHPs [86], suggesting that placental FcRn receptors may mediate increased uptake of the virus. Due to this possibility, the potential for ADE of fetal infection will need to be considered in all future vaccine research.




5. Conclusions and Future Directions


In summary, research efforts made by a number of groups over the past five years have advanced our knowledge of ZIKV infection during pregnancy, with NHP models providing important clinically relevant translational data, and supporting data generated from small animal models and in vitro culture systems. Collectively, it has been well demonstrated that the timing of infection is a key determinant of outcomes and that some cell types are more vulnerable than others to viral transmission. Importantly, ZIKV infects the placenta, leading to altered structure and impeded maternal–fetal exchange capacity. The subsequent impact on fetal development manifests as a range of phenotypes with differing severity, which are broadly classed as congenital Zika syndrome. The next research priority area must focus on therapeutic interventions to mitigate the adverse effects of ZIKV, and the development of vaccine therapies to prevent maternal–fetal viral transfer.







Funding


This research was funded by the National Institutes of Health P51 ODO11092 and R01 HD096741.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the interpretation of the published data, in the writing of the manuscript, or in the decision to publish the results.




References


	



Dick, G.W.A.; Kitchen, S.F.; Haddow, A.J. Zika Virus. I. Isolations and Serological Specificity. Trans. R. Soc. Trop. Med. Hyg. 1952, 46, 509–520. [Google Scholar] [CrossRef]

	



Gubler, D.J.; Vasilakis, N.; Musso, D. History and Emergence of Zika Virus. J. Infect. Dis. 2017, 216, S860–S867. [Google Scholar] [CrossRef]

	



Epelboin, Y.; Talaga, S.; Epelboin, L.; Dusfour, I. Zika Virus: An Updated Review of Competent or Naturally Infected Mosquitoes. PLoS Neglect. Trop. Dis. 2017, 11, e0005933. [Google Scholar] [CrossRef] [PubMed]

	



Moreira, J.; Peixoto, T.M.; Siqueira, A.M.; Lamas, C.C. Sexually Acquired Zika Virus: A Systematic Review. Clin. Microbiol. Infect. 2017, 23, 296–305. [Google Scholar] [CrossRef] [PubMed]

	



Gregory, C.J.; Oduyebo, T.; Brault, A.C.; Brooks, J.T.; Chung, K.-W.; Hills, S.; Kuehnert, M.J.; Mead, P.; Meaney-Delman, D.; Rabe, I.; et al. Modes of Transmission of Zika Virus. J. Infect. Dis. 2017, 216, S875–S883. [Google Scholar] [CrossRef] [PubMed]

	



Pierson, T.C.; Lazear, H.M.; Diamond, M.S. Flaviviruses. In Fields Virology, 7th ed.; Howley, P.M., Knipe, D.M., Eds.; Wolters Kluwer: Alphen aan den Rijn, The Netherlands, 2021; Volume 1, ISBN 978-1-9751-1254-7. [Google Scholar]

	



Brasil, P.; Pereira, J.P.; Moreira, M.E.; Nogueira, R.M.R.; Damasceno, L.; Wakimoto, M.; Rabello, R.S.; Valderramos, S.G.; Halai, U.-A.; Salles, T.S.; et al. Zika Virus Infection in Pregnant Women in Rio de Janeiro. N. Engl. J. Med. 2016, 375, 2321–2334. [Google Scholar] [CrossRef] [PubMed]

	



Rasmussen, S.A.; Jamieson, D.J.; Honein, M.A.; Petersen, L.R. Zika Virus and Birth Defects—Reviewing the Evidence for Causality. N. Engl. J. Med. 2016, 374, 1981–1987. [Google Scholar] [CrossRef]

	



Cao-Lormeau, V.-M.; Blake, A.; Mons, S.; Lastère, S.; Roche, C.; Vanhomwegen, J.; Dub, T.; Baudouin, L.; Teissier, A.; Larre, P.; et al. Guillain-Barré Syndrome Outbreak Associated with Zika Virus Infection in French Polynesia: A Case-Control Study. Lancet 2016, 387, 1531–1539. [Google Scholar] [CrossRef]

	



PAHO PLISA-Health Information Platform for the Americas. Available online: https://www3.paho.org/data/index.php/en/?option=com_content&view=article&id=524:zika-weekly-en&Itemid=352 (accessed on 19 May 2021).

	



World Health Organization. Zika Epidemiology Update—July 2019; World Health Organization: Geneva, Switzerland, 2019. [Google Scholar]

	



World Health Organization. Zika Situation Report; World Health Organization: Geneva, Switzerland, 2016. [Google Scholar]

	



Rice, M.E.; Galang, R.R.; Roth, N.M.; Ellington, S.R.; Moore, C.A.; Valencia-Prado, M.; Ellis, E.M.; Tufa, A.J.; Taulung, L.A.; Alfred, J.M.; et al. Vital Signs: Zika-Associated Birth Defects and Neurodevelopmental Abnormalities Possibly Associated with Congenital Zika Virus Infection—U.S. Territories and Freely Associated States, 2018. MMWR Morb. Mortal. Wkly. Rep. 2018, 67, 858–867. [Google Scholar] [CrossRef]

	



Reynolds, M.R.; Jones, A.M.; Petersen, E.E.; Lee, E.H.; Rice, M.E.; Bingham, A.; Ellington, S.R.; Evert, N.; Reagan-Steiner, S.; Oduyebo, T.; et al. Vital Signs: Update on Zika Virus-Associated Birth Defects and Evaluation of All U.S. Infants with Congenital Zika Virus Exposure—U.S. Zika Pregnancy Registry, 2016. MMWR Morb. Mortal. Wkly. Rep. 2017, 66, 366–373. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.-F.; Dong, H.-L.; Huang, X.-Y.; Qiu, Y.-F.; Wang, H.-J.; Deng, Y.-Q.; Zhang, N.-N.; Ye, Q.; Zhao, H.; Liu, Z.-Y.; et al. Characterization of a 2016 Clinical Isolate of Zika Virus in Non-Human Primates. EBioMedicine 2016, 12, 170–177. [Google Scholar] [CrossRef]

	



Aid, M.; Abbink, P.; Larocca, R.A.; Boyd, M.; Nityanandam, R.; Nanayakkara, O.; Martinot, A.J.; Moseley, E.T.; Blass, E.; Borducchi, E.N.; et al. Zika Virus Persistence in the Central Nervous System and Lymph Nodes of Rhesus Monkeys. Cell 2017, 169, 610–620. [Google Scholar] [CrossRef] [PubMed]

	



Hirsch, A.J.; Smith, J.L.; Haese, N.N.; Broeckel, R.M.; Parkins, C.J.; Kreklywich, C.; DeFilippis, V.R.; Denton, M.; Smith, P.P.; Messer, W.B.; et al. Zika Virus Infection of Rhesus Macaques Leads to Viral Persistence in Multiple Tissues. PLoS Pathog. 2017, 13, e1006219. [Google Scholar] [CrossRef]

	



Dudley, D.M.; Aliota, M.T.; Mohr, E.L.; Weiler, A.M.; Lehrer-Brey, G.; Weisgrau, K.L.; Mohns, M.S.; Breitbach, M.E.; Rasheed, M.N.; Newman, C.M.; et al. A Rhesus Macaque Model of Asian-Lineage Zika Virus Infection. Nat. Commun. 2016, 7, 12204. [Google Scholar] [CrossRef] [PubMed]

	



Coffey, L.L.; Pesavento, P.A.; Keesler, R.I.; Singapuri, A.; Watanabe, J.; Watanabe, R.; Yee, J.; Bliss-Moreau, E.; Cruzen, C.; Christe, K.L.; et al. Zika Virus Tissue and Blood Compartmentalization in Acute Infection of Rhesus Macaques. PLoS ONE 2017, 12, e0171148. [Google Scholar] [CrossRef]

	



Dudley, D.M.; Rompay, K.K.V.; Coffey, L.L.; Ardeshir, A.; Keesler, R.I.; Bliss-Moreau, E.; Grigsby, P.L.; Steinbach, R.J.; Hirsch, A.J.; MacAllister, R.P.; et al. Miscarriage and Stillbirth Following Maternal Zika Virus Infection in Nonhuman Primates. Nat. Med. 2018, 24, 1104–1107. [Google Scholar] [CrossRef] [PubMed]

	



Steinbach, R.J.; Haese, N.N.; Smith, J.L.; Colgin, L.M.A.; MacAllister, R.P.; Greene, J.M.; Parkins, C.J.; Kempton, J.B.; Porsov, E.; Wang, X.; et al. A Neonatal Nonhuman Primate Model of Gestational Zika Virus Infection with Evidence of Microencephaly, Seizures and Cardiomyopathy. PLoS ONE 2020, 15, e0227676. [Google Scholar] [CrossRef] [PubMed]

	



Waldorf, K.M.A.; Nelson, B.R.; Stencel-Baerenwald, J.E.; Studholme, C.; Kapur, R.P.; Armistead, B.; Walker, C.L.; Merillat, S.; Vornhagen, J.; Tisoncik-Go, J.; et al. Congenital Zika Virus Infection as a Silent Pathology with Loss of Neurogenic Output in the Fetal Brain. Nat. Med. 2018, 24, 368–374. [Google Scholar] [CrossRef]

	



Waldorf, K.M.A.; Stencel-Baerenwald, J.E.; Kapur, R.P.; Studholme, C.; Boldenow, E.; Vornhagen, J.; Baldessari, A.; Dighe, M.K.; Thiel, J.; Merillat, S.; et al. Fetal Brain Lesions after Subcutaneous Inoculation of Zika Virus in a Pregnant Nonhuman Primate. Nat. Med. 2016, 22, 1256–1259. [Google Scholar] [CrossRef]

	



Martinot, A.J.; Abbink, P.; Afacan, O.; Prohl, A.K.; Bronson, R.; Hecht, J.L.; Borducchi, E.N.; Larocca, R.A.; Peterson, R.L.; Rinaldi, W.; et al. Fetal Neuropathology in Zika Virus-Infected Pregnant Female Rhesus Monkeys. Cell 2018, 173, 1111–1122. [Google Scholar] [CrossRef]

	



De Alcantara, B.N.; Imbeloni, A.A.; Durans, D.D.B.S.; de Araújo, M.T.F.; da Cruz, E.D.R.M.; de Carvalho, C.A.M.; de Mendonça, M.H.R.; de Sousa, J.R.; Moraes, A.F.; Filho, A.J.M.; et al. Histopathological Lesions of Congenital Zika Syndrome in Newborn Squirrel Monkeys. Sci. Rep. 2021, 11, 6099. [Google Scholar] [CrossRef] [PubMed]

	



Gurung, S.; Reuter, N.; Preno, A.; Dubaut, J.; Nadeau, H.; Hyatt, K.; Singleton, K.; Martin, A.; Parks, W.T.; Papin, J.F.; et al. Zika Virus Infection at Mid-Gestation Results in Fetal Cerebral Cortical Injury and Fetal Death in the Olive Baboon. PLoS Pathog. 2019, 15, e1007507. [Google Scholar] [CrossRef] [PubMed]

	



Hirsch, A.J.; Roberts, V.H.J.; Grigsby, P.L.; Haese, N.; Schabel, M.C.; Wang, X.; Lo, J.O.; Liu, Z.; Kroenke, C.D.; Smith, J.L.; et al. Zika Virus Infection in Pregnant Rhesus Macaques Causes Placental Dysfunction and Immunopathology. Nat. Commun. 2018, 9, 263. [Google Scholar] [CrossRef] [PubMed]

	



Seferovic, M.; Martín, C.S.-S.; Tardif, S.D.; Rutherford, J.; Castro, E.C.C.; Li, T.; Hodara, V.L.; Parodi, L.M.; Giavedoni, L.; Layne-Colon, D.; et al. Experimental Zika Virus Infection in the Pregnant Common Marmoset Induces Spontaneous Fetal Loss and Neurodevelopmental Abnormalities. Sci. Rep. 2018, 8, 6851. [Google Scholar] [CrossRef]

	



Van der Linden, V.; Pessoa, A.; Dobyns, W.; Barkovich, A.J.; van der Júnior, H.L.; Filho, E.L.R.; Ribeiro, E.M.; de Leal, C.M.; de Coimbra, A.P.P.; de Aragão, F.V.V.M.; et al. Description of 13 Infants Born During October 2015–January 2016 With Congenital Zika Virus Infection Without Microcephaly at Birth—Brazil. MMWR Morb. Mortal. Wkly. Rep. 2016, 65, 1343–1348. [Google Scholar] [CrossRef]

	



Mavigner, M.; Raper, J.; Kovacs-Balint, Z.; Gumber, S.; O’Neal, J.T.; Bhaumik, S.K.; Zhang, X.; Habib, J.; Mattingly, C.; McDonald, C.E.; et al. Postnatal Zika Virus Infection Is Associated with Persistent Abnormalities in Brain Structure, Function, and Behavior in Infant Macaques. Sci. Transl. Med. 2018, 10, eaao6975. [Google Scholar] [CrossRef]

	



Furukawa, S.; Kuroda, Y.; Sugiyama, A. A Comparison of the Histological Structure of the Placenta in Experimental Animals. J. Toxicol. Pathol. 2014, 27, 11–18. [Google Scholar] [CrossRef] [PubMed]

	



Grigsby, P.L. Animal Models to Study Placental Development and Function throughout Normal and Dysfunctional Human Pregnancy. Semin. Reprod. Med. 2016, 34, 11–16. [Google Scholar] [CrossRef]

	



Stouffer, R.L.; Woodruff, T.K. Nonhuman Primates: A Vital Model for Basic and Applied Research on Female Reproduction, Prenatal Development, and Women’s Health. Ilar J. 2017, 58, 1–14. [Google Scholar] [CrossRef]

	



Bayer, A.; Lennemann, N.J.; Ouyang, Y.; Bramley, J.C.; Morosky, S.; Marques, E.T.D.A.; Cherry, S.; Sadovsky, Y.; Coyne, C.B. Type III Interferons Produced by Human Placental Trophoblasts Confer Protection against Zika Virus Infection. Cell Host Microbe 2016, 19, 705–712. [Google Scholar] [CrossRef] [PubMed]

	



Dunk, C.; Kwan, M.; Hazan, A.; Walker, S.; Wright, J.K.; Harris, L.K.; Jones, R.L.; Keating, S.; Kingdom, J.C.P.; Whittle, W.; et al. Failure of Decidualization and Maternal Immune Tolerance Underlies Uterovascular Resistance in Intra Uterine Growth Restriction. Front. Endocrinol. 2019, 10, 160. [Google Scholar] [CrossRef]

	



Bayer, A.; Lennemann, N.J.; Ouyang, Y.; Sadovsky, E.; Sheridan, M.A.; Roberts, R.M.; Coyne, C.B.; Sadovsky, Y. Chromosome 19 MicroRNAs Exert Antiviral Activity Independent from Type III Interferon Signaling. Placenta 2018, 61, 33–38. [Google Scholar] [CrossRef]

	



Popek, E.J. Granulomatous Villitis Due to Toxoplasma Gondii. Pediatric Pathol. 1992, 12, 281–288. [Google Scholar] [CrossRef]

	



Heller, D.; Tellier, R.; Pabbaraju, K.; Wong, S.; Faye-Petersen, O.M.; Meulenbacks, A.; Goldsmith, C.; Denison, A.; Zaki, S. Placental Massive Perivillous Fibrinoid Deposition Associated with Coxsackievirus A16-Report of a Case, and Review of the Literature. Pediatr. Dev. Pathol. 2015, 19, 421–423. [Google Scholar] [CrossRef]

	



Bittencourt, A.L.; Garcia, A.G.P. The placenta in hematogenous infections. Pediatr. Pathol. Mol. Med. 2009, 21, 401–432. [Google Scholar] [CrossRef]

	



Lindholm, K.; O’Keefe, M. Placental Cytomegalovirus Infection. Arch. Pathol. Lab. Med. 2018, 143, 639–642. [Google Scholar] [CrossRef]

	



Sheffield, J.S.; Sánchez, P.J.; Wendel, G.D.; Fong, D.W.I.; Margraf, L.R.; Zeray, F.; McIntire, D.D.; Rogers, B.B. Placental Histopathology of Congenital Syphilis. Obstet. Gynecol. 2002, 100, 126–133. [Google Scholar] [CrossRef]

	



Martines, R.B.; Bhatnagar, J.; de Ramos, A.M.O.; Davi, H.P.F.; Iglezias, S.D.; Kanamura, C.T.; Keating, M.K.; Hale, G.; Silva-Flannery, L.; Muehlenbachs, A.; et al. Pathology of Congenital Zika Syndrome in Brazil: A Case Series. Lancet 2016, 388, 898–904. [Google Scholar] [CrossRef]

	



Schwartz, D.A. Viral Infection, Proliferation, and Hyperplasia of Hofbauer Cells and Absence of Inflammation Characterize the Placental Pathology of Fetuses with Congenital Zika Virus Infection. Arch. Gynecol. Obstet. 2017, 295, 1361–1368. [Google Scholar] [CrossRef]

	



Mohr, E.L.; Block, L.N.; Newman, C.M.; Stewart, L.M.; Koenig, M.; Semler, M.; Breitbach, M.E.; Teixeira, L.B.C.; Zeng, X.; Weiler, A.M.; et al. Ocular and Uteroplacental Pathology in a Macaque Pregnancy with Congenital Zika Virus Infection. PLoS ONE 2018, 13, e0190617. [Google Scholar] [CrossRef]

	



Santos, G.R.; Pinto, C.A.L.; Prudente, R.C.S.; Bevilacqua, E.M.A.F.; Witkin, S.S.; Passos, S.D.; Group, Z.V.C.S. Histopathologic Changes in Placental Tissue Associated With Vertical Transmission of Zika Virus. Int. J. Gynecol. Pathol. 2020, 39, 157–162. [Google Scholar] [CrossRef]

	



Ander, S.E.; Diamond, M.S.; Coyne, C.B. Immune Responses at the Maternal-Fetal Interface. Sci. Immunol. 2019, 4, eaat6114. [Google Scholar] [CrossRef]

	



Saito, S.; Nakashima, A.; Shima, T.; Ito, M. Th1/Th2/Th17 and Regulatory T-Cell Paradigm in Pregnancy. Am. J. Reprod. Immunol. 2010, 63, 601–610. [Google Scholar] [CrossRef]

	



Sykes, L.; MacIntyre, D.A.; Yap, X.J.; Teoh, T.G.; Bennett, P.R. The Th1:Th2 Dichotomy of Pregnancy and Preterm Labour. Mediat. Inflamm. 2012, 2012, 967629. [Google Scholar] [CrossRef]

	



Liu, S.; Diao, L.; Huang, C.; Li, Y.; Zeng, Y.; Kwak-Kim, J.Y.H. The Role of Decidual Immune Cells on Human Pregnancy. J. Reprod. Immunol. 2017, 124, 44–53. [Google Scholar] [CrossRef]

	



Ning, F.; Liu, H.; Lash, G.E. The Role of Decidual Macrophages During Normal and Pathological Pregnancy. Am. J. Reprod. Immunol. 2016, 75, 298–309. [Google Scholar] [CrossRef]

	



Heerema-McKenney, A. Defense and Infection of the Human Placenta. Apmis 2018, 126, 570–588. [Google Scholar] [CrossRef] [PubMed]

	



Eissa, M.H.; Abdelsalam, A.M.; Herez, H.A.; Younis, T.A.; Morsy, T.A. Placental Villous Maturation in Patients with Repeated Abortions and Chronic Toxoplasmosis. J. Egypt Soc. Parasitol. 1990, 20, 661–666. [Google Scholar] [PubMed]

	



Genest, D.R.; Choi-Hong, S.R.; Tate, J.E.; Qureshi, F.; Jacques, S.M.; Crum, C. Diagnosis of Congenital Syphilis from Placental Examination: Comparison of Histopathology, Steiner Stain, and Polymerase Chain Reaction for Treponema Pallidum DNA. Hum. Pathol. 1996, 27, 366–372. [Google Scholar] [CrossRef]

	



Jauniaux, E.; Nessmann, C.; Imbert, M.C.; Meuris, S.; Puissant, F.; Hustin, J. Morphological Aspects of the Placenta in HIV Pregnancies. Placenta 1988, 9, 633–642. [Google Scholar] [CrossRef]

	



Rosenberg, A.Z.; Yu, W.; Hill, D.A.; Reyes, C.A.; Schwartz, D.A. Placental Pathology of Zika Virus: Viral Infection of the Placenta Induces Villous Stromal Macrophage (Hofbauer Cell) Proliferation and Hyperplasia. Arch. Pathol. Lab. Med. 2016, 141, 43–48. [Google Scholar] [CrossRef] [PubMed]

	



Marbán-Castro, E.; Goncé, A.; Fumadó, V.; Romero-Acevedo, L.; Bardají, A. Zika Virus Infection in Pregnant Women and Their Children: A Review. Eur. J. Obstet. Gyn. Reprod. Biol. 2021, 265, 162–168. [Google Scholar] [CrossRef] [PubMed]

	



Coyne, C.B.; Lazear, H.M. Zika Virus — Reigniting the TORCH. Nat. Rev. Microbiol. 2016, 14, 707–715. [Google Scholar] [CrossRef]

	



Evans-Gilbert, T. Vertically Transmitted Chikunugunya, Zika and Dengue Virus Infections. The Pathogenesis from Mother to Fetus and the Implications of Co-Infections and Vaccine Development. Int. J. Pediatrics Adolesc. Med. 2019, 7, 107–111. [Google Scholar] [CrossRef]

	



Benirschke, K.; Coen, R.; Patterson, B.; Key, T. Villitis of Known Origin: Varicella and Toxoplasma. Placenta 1999, 20, 395–399. [Google Scholar] [CrossRef] [PubMed]

	



Sharps, M.C.; Hayes, D.J.L.; Lee, S.; Zou, Z.; Brady, C.A.; Almoghrabi, Y.; Kerby, A.; Tamber, K.K.; Jones, C.J.; Waldorf, K.M.A.; et al. A Structured Review of Placental Morphology and Histopathological Lesions Associated with SARS-CoV-2 Infection. Placenta 2020, 101, 13–29. [Google Scholar] [CrossRef]

	



Schwartz, D.A.; Morotti, D. Placental Pathology of COVID-19 with and without Fetal and Neonatal Infection: Trophoblast Necrosis and Chronic Histiocytic Intervillositis as Risk Factors for Transplacental Transmission of SARS-CoV-2. Viruses 2020, 12, 1308. [Google Scholar] [CrossRef] [PubMed]

	



Roberts, D.J. Placental Infections. In Placental and Gestational Pathology (Diagnostic Pediatric Pathology); Redline, R.W., Boyd, T.K., Roberts, D.J., Eds.; Cambridge University Press: Cambridge, 2017. [Google Scholar]

	



Costa, H.E.; Gouilly, J.; Mansuy, J.-M.; Chen, Q.; Levy, C.; Cartron, G.; Veas, F.; Al-Daccak, R.; Izopet, J.; Jabrane-Ferrat, N. ZIKA Virus Reveals Broad Tissue and Cell Tropism during the First Trimester of Pregnancy. Sci. Rep. 2016, 6, 35296. [Google Scholar] [CrossRef]

	



Fisher, S.; Genbacev, O.; Maidji, E.; Pereira, L. Human Cytomegalovirus Infection of Placental Cytotrophoblasts In Vitro and In Utero: Implications for Transmission and Pathogenesis. J. Virol. 2000, 74, 6808–6820. [Google Scholar] [CrossRef] [PubMed]

	



Weisblum, Y.; Oiknine-Djian, E.; Vorontsov, O.M.; Haimov-Kochman, R.; Zakay-Rones, Z.; Meir, K.; Shveiky, D.; Elgavish, S.; Nevo, Y.; Roseman, M.; et al. Zika Virus Infects Early- and Midgestation Human Maternal Decidual Tissues, Inducing Distinct Innate Tissue Responses in the Maternal-Fetal Interface. J. Virol. 2017, 91, e01905-16. [Google Scholar] [CrossRef]

	



Tabata, T.; Petitt, M.; Puerta-Guardo, H.; Michlmayr, D.; Wang, C.; Fang-Hoover, J.; Harris, E.; Pereira, L. Zika Virus Targets Different Primary Human Placental Cells, Suggesting Two Routes for Vertical Transmission. Cell Host Microbe 2016, 20, 155–166. [Google Scholar] [CrossRef]

	



Richard, A.S.; Shim, B.-S.; Kwon, Y.-C.; Zhang, R.; Otsuka, Y.; Schmitt, K.; Berri, F.; Diamond, M.S.; Choe, H. AXL-Dependent Infection of Human Fetal Endothelial Cells Distinguishes Zika Virus from Other Pathogenic Flaviviruses. Proc. Nat. Acad. Sci. USA 2017, 114, 2024–2029. [Google Scholar] [CrossRef]

	



Carlson, J.A.; Chen, K.-R. Cutaneous Vasculitis Update&colon; Neutrophilic Muscular Vessel and Eosinophilic, Granulomatous, and Lymphocytic Vasculitis Syndromes. Am. J. Dermatopathol. 2007, 29, 32–43. [Google Scholar] [CrossRef]

	



Miner, J.J.; Cao, B.; Govero, J.; Smith, A.M.; Fernandez, E.; Cabrera, O.H.; Garber, C.; Noll, M.; Klein, R.S.; Noguchi, K.K.; et al. Zika Virus Infection during Pregnancy in Mice Causes Placental Damage and Fetal Demise. Cell 2016, 165, 1081–1091. [Google Scholar] [CrossRef]

	



Burton, G.J.; Charnock-Jones, D.S.; Jauniaux, E. Regulation of Vascular Growth and Function in the Human Placenta. Reproduction 2009, 138, 895–902. [Google Scholar] [CrossRef]

	



Frias, A.E.; Morgan, T.K.; Evans, A.E.; Rasanen, J.; Oh, K.Y.; Thornburg, K.L.; Grove, K.L. Maternal High-Fat Diet Disturbs Uteroplacental Hemodynamics and Increases the Frequency of Stillbirth in a Nonhuman Primate Model of Excess Nutrition. Endocrinology 2011, 152, 2456–2464. [Google Scholar] [CrossRef]

	



Morgan, T. Role of the Placenta in Preterm Birth: A Review. Am. J. Perinat. 2016, 33, 258–266. [Google Scholar] [CrossRef]

	



Nguyen, S.M.; Antony, K.M.; Dudley, D.M.; Kohn, S.; Simmons, H.A.; Wolfe, B.; Salamat, M.S.; Teixeira, L.B.C.; Wiepz, G.J.; Thoong, T.H.; et al. Highly Efficient Maternal-Fetal Zika Virus Transmission in Pregnant Rhesus Macaques. PLoS Pathog. 2017, 13, e1006378-22. [Google Scholar] [CrossRef] [PubMed]

	



Osuna, C.E.; Whitney, J.B. Nonhuman Primate Models of Zika Virus Infection, Immunity, and Therapeutic Development. J. Infect. Dis. 2017, 216, S928–S934. [Google Scholar] [CrossRef] [PubMed]

	



Magnani, D.M.; Rogers, T.F.; Maness, N.J.; Grubaugh, N.D.; Beutler, N.; Bailey, V.K.; Gonzalez-Nieto, L.; Gutman, M.J.; Pedreño-Lopez, N.; Kwal, J.M.; et al. Fetal Demise and Failed Antibody Therapy during Zika Virus Infection of Pregnant Macaques. Nat. Commun. 2018, 9, 1356–1358. [Google Scholar] [CrossRef] [PubMed]

	



Maness, N.J.; Schouest, B.; Singapuri, A.; Dennis, M.; Gilbert, M.H.; Bohm, R.P.; Schiro, F.; Aye, P.P.; Baker, K.; Rompay, K.K.A.V.; et al. Postnatal Zika Virus Infection of Nonhuman Primate Infants Born to Mothers Infected with Homologous Brazilian Zika Virus. Sci. Rep. 2019, 9, 12802. [Google Scholar] [CrossRef]

	



de Oliveira Melo, A.S.; Aguiar, R.S.; Amorim, M.M.R.; Arruda, M.B.; de Oliveira Melo, F.; Ribeiro, S.T.C.; Batista, A.G.M.; Ferreira, T.; dos Santos, M.P.; Sampaio, V.V.; et al. Congenital Zika Virus Infection: Beyond Neonatal Microcephaly. JAMA Neurol. 2016, 73, 1407–1416. [Google Scholar] [CrossRef]

	



de Araújo, T.V.B.; de Alencar Ximenes, R.A.; de Barros Miranda-Filho, D.; Souza, W.V.; Montarroyos, U.R.; de Melo, A.P.L.; Valongueiro, S.; Braga, C.; Brandão Filho, S.P.; Cordeiro, M.T.; et al. Association between Microcephaly, Zika Virus Infection, and Other Risk Factors in Brazil: Final Report of a Case-Control Study. Lancet Infect. Dis. 2018, 18, 328–336. [Google Scholar] [CrossRef]

	



Halstead, S.B. Dengue Antibody-Dependent Enhancement: Knowns and Unknowns. Microbiol. Spectr. 2014, 2, 249–271. [Google Scholar] [CrossRef] [PubMed]

	



Bardina, S.V.; Bunduc, P.; Tripathi, S.; Duehr, J.; Frere, J.J.; Brown, J.A.; Nachbagauer, R.; Foster, G.A.; Krysztof, D.; Tortorella, D.; et al. Enhancement of Zika Virus Pathogenesis by Preexisting Antiflavivirus Immunity. Science 2017, 356, eaal4365-180. [Google Scholar] [CrossRef]

	



Breitbach, M.E.; Newman, C.M.; Dudley, D.M.; Stewart, L.M.; Aliota, M.T.; Koenig, M.R.; Shepherd, P.M.; Yamamoto, K.; Crooks, C.M.; Young, G.; et al. Primary Infection with Dengue or Zika Virus Does Not Affect the Severity of Heterologous Secondary Infection in Macaques. PLoS Pathog. 2019, 15, e1007766. [Google Scholar] [CrossRef]

	



Masel, J.; McCracken, M.K.; Gleeson, T.; Morrison, B.; Rutherford, G.; Imrie, A.; Jarman, R.G.; Koren, M.; Pollett, S. Does Prior Dengue Virus Exposure Worsen Clinical Outcomes of Zika Virus Infection? A Systematic Review, Pooled Analysis and Lessons Learned. PLoS Neglect. Trop. Dis. 2019, 13, e0007060. [Google Scholar] [CrossRef]

	



McCracken, M.K.; Gromowski, G.D.; Friberg, H.L.; Lin, X.; Abbink, P.; Barrera, R.D.L.; Eckles, K.H.; Garver, L.S.; Boyd, M.; Jetton, D.; et al. Impact of Prior Flavivirus Immunity on Zika Virus Infection in Rhesus Macaques. PLoS Pathog. 2017, 13, e1006487-22. [Google Scholar] [CrossRef]

	



Pantoja, P.; Pérez-Guzmán, E.X.; Rodríguez, I.V.; White, L.J.; González, O.; Serrano, C.; Giavedoni, L.; Hodara, V.; Cruz, L.; Arana, T.; et al. Zika Virus Pathogenesis in Rhesus Macaques Is Unaffected by Pre-Existing Immunity to Dengue Virus. Nat. Commun. 2017, 8, 15674. [Google Scholar] [CrossRef]

	



Petzold, S.; Agbaria, N.; Deckert, A.; Dambach, P.; Winkler, V.; Drexler, J.F.; Horstick, O.; Jaenisch, T. Congenital Abnormalities Associated with Zika Virus Infection–Dengue as Potential Co-Factor? A Systematic Review. PLoS Neglect. Trop. Dis. 2021, 15, e0008984. [Google Scholar] [CrossRef]

	



Robbiani, D.F.; Olsen, P.C.; Costa, F.; Wang, Q.; Oliveira, T.Y.; Nery, N.; Aromolaran, A.; do Rosário, M.S.; Sacramento, G.A.; Cruz, J.S.; et al. Risk of Zika Microcephaly Correlates with Features of Maternal Antibodies. J. Exp. Med. 2019, 216, 2302–2315. [Google Scholar] [CrossRef] [PubMed]








[image: Viruses 13 02088 g001 550] 





Figure 1. Zika related uteroplacental pathology. (A) Gestational age-matched negative control placental histology. In contrast, Zika infected placentas (B,C) are more likely to have lobular infarctions (*) and villous stromal microcalcifications (arrows). Early stages of villous stromal cell death are also seen (inset arrowhead). (D) Some cases have maternal decidual leukocytoclastic vasculitis composed of lymphocytes, plasma cells, and eosinophils (arrow). (E) Preliminary data in NHP models suggest a potential relationship with chronic histiocytic intervillositis (*), which is supported by CD68-positive macrophages (*) in the intervillous space around viable villi (F). Photomicrographs of hemotoxylin- and eosin-stained sections (A–E), as well as immunohistochemical stained section with hematoxylin counterstain. Bar is 100 µm. 
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Table 1. Infectious agents with known teratogenic potential.
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	Organism
	Mechanism of Infection
	Histologic Findings in the Human Placenta
	References





	Toxoplasma gondii
	Transplacental infection occurs with primary infection of the mother; while transmission to the fetus is more common later in gestation, it is more severe in early gestation.
	Early spontaneous abortion villous tissues: delayed villous maturation with Hofbauer cell hyperplasia. Later placental tissues: in addition to delayed villous maturation with Hofbauer cell hyperplasia, lymphohistiocytic chronic villitis, which may also be granulomatous and necrotizing. Pseudocysts and true cysts can be seen in the stroma of the cord and chorionic plate. Free tachyzoites may be identified in areas of active inflammation.
	[37,51,52]



	Treponema pallidum
	Transplacental infection is most common in untreated secondary syphilis. Penicillin treatment is thought to be able to prevent 98% of vertical transmission in deliveries >20 weeks.
	Classical triad: (1) delayed villous maturation with Hofbauer and stromal cell hyperplasia; (2) thickened fetal vasculature with prominent endo- and perivascular connective tissue; and (3) acute and/or chronic villitis, variably associated with necrosis. Other findings may include necrotizing funisitis, acute chorioamnionitis, and plasma cell deciduitis.
	[41,51,53]



	Human immunodeficiency virus
	Vertical transmission occurs mostly during delivery; however, up to 30% of congenital HIV may be transplacental.
	Early therapeutic abortion villous tissues with detection of HIV in fetal tissues: acute chorioamnionitis, plasma cell deciduitis, and necrotizing deciduitis. No specific findings in later placental tissues.
	[51,54]



	Zika virus
	Transplacental infection occurs with primary infection of the mother.
	Reports consistently mention Hofbauer cell hyperplasia. Placental infarcts, villous stromal calcifications, and plasma cell deciduitis with leukocytoclastic/lymphocytic vasculitis have been described in rhesus macaques.
	[24,27,43,45,51,55,56,57,58]



	Varicella zoster virus
	Transplacental infection is rare (believed to be <1%) but may occur with primary infection of the mother.
	Not well established, but the literature includes a case report describing diffuse, necrotizing chronic villitis with granulomatous inflammation.
	[51,59]



	Coxsackievirus
	Transplacental infection.
	Massive perivillous fibrin deposition with trophoblast necrosis and mixed acute and chronic inflammation within the fibrinoid has been described in placentas from stillbirths due to Coxsackievirus A.
	[38,51]



	Parvovirus B19
	Transplacental infection.
	The placenta is notable erythroblastosis fetalis in the villous circulation. Characteristic nuclear enlargement and ground-glass inclusions may be striking.
	[51]



	SARS-CoV-2
	Transplacental infection is rare.
	Placental pathology may vary depending on whether there is maternal infection only (nonspecific findings reported include maternal and fetal vascular malperfusion) vs. infection of both the mother–baby dyad (chronic histiocytic intervillositis and massive perivillous fibrin deposition, which may co-occur).
	[60,61]



	Rubella virus
	Transplacental infection <16 weeks leads to congenital rubella syndrome (deafness, eye abnormalities, and congenital heart disease).
	Fetal vasculitis with necrotizing acute and chronic villitis. Intranuclear and cytoplasmic nuclear inclusions can be seen in various compartments (amnion, endothelial cells, extravillous trophoblast, and decidua).
	[39,51]



	Cytomegalovirus
	Transplacental infection earlier in gestation may lead to fetal hydrops and demise. Congenital cytomegalovirus infection is one of the most common causes of microcephaly and sensorineural hearing loss.
	Chronic villitis, characteristically lymphoplasmacytic. Villous stromal hemosiderin deposition is also associated with CMV placentitis.
	[40,51]



	Herpes simplex virus
	Both transplacental and ascending infections involving the amniotic fluid are documented.
	Transplacental infection: plasma cell villitis and necrotizing deciduitis. Ascending infection: acute and chronic chorioamnionitis and necrotizing funisitis, with plasma cells in the membranes and cord. HSV viral cytopathic effect may be present.
	[51,62]
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