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Background

Congenital infection of the fetus via trans-placental passage of pathogens can result in severe morbidity and mortality. Even without transmission to the fetus, infection of the placenta itself is associated with pregnancy complications including pregnancy loss and preterm birth. Placental macrophages, also termed Hofbauer cells (HBCs), are fetal-origin macrophages residing in the placenta that are likely involved in responding to placental infection and protection of the developing fetus. As HBCs are the only immune cell present in the villous placenta, they represent one of the final opportunities for control of infection and prevention of passage to the developing fetus.



Objective and Rationale

The objective of this review was to provide a systematic overview of the literature regarding HBC responses during infection in pregnancy, including responses to viral, bacterial, and parasitic pathogens.



Methods

PubMed and Scopus were searched on May 20th, 2021, with no limit on publication date, to identify all papers that have studied placental macrophages/Hofbauer cells in the context of infection. The following search strategy was utilized: (hofbauer* OR “hofbauer cells” OR “hofbauer cell” OR “placental macrophage” OR “placental macrophages”) AND [infect* OR virus OR viral OR bacteri* OR parasite* OR pathogen* OR LPS OR “poly(i:c)” OR toxoplasm* OR microb* OR HIV)].



Outcomes

86 studies were identified for review. This included those that investigated HBCs in placentas from pregnancies complicated by maternal infection and in vitro studies investigating HBC responses to pathogens or Pathogen-Associated Molecular Patterns (PAMPs). HBCs can be infected by a variety of pathogens, and HBC hyperplasia was a common observation. HBCs respond to pathogen infection and PAMPs by altering their transcriptional, translational and secretion profiles. Co-culture investigations demonstrate that they can replicate and transmit pathogens to other cells. In other cases, they may eliminate the pathogen through a variety of mechanisms including phagocytosis, cytokine-mediated pathogen elimination, release of macrophage extracellular traps and HBC-antibody-mediated neutralization. HBC responses differ across gestation and may be influenced by pre-existing immunity. Clinical information, including gestational age at infection, gestational age of the samples, mode of sample collection and pregnancy outcome were missing for the majority of studies.
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Introduction

The maternal-fetal interface is the site of in utero pathogen transmission from mother to the fetus during pregnancy. The maternal decidua, which is in close contact with the placenta, contains several immune cell types including macrophages, natural killer cells, innate lymphoid cells and T cells. In contrast, the only immune cells present in placental tissue are macrophages termed Hofbauer cells (HBCs). These macrophages are of fetal origin and have been detected from the sixth week of pregnancy to the end of gestation (1). HBCs help maintain homeostatic conditions in the placenta by regulating processes such as angiogenesis, vasculogenesis (2, 3), tissue remodeling and (4) development (5) and immune regulation (6), as well as orchestrating responses to infection and directly responding to pathogens that access the placenta. The functional variability of HBCs reflects the phenotypic diversity and plasticity of macrophages and allows adaptation to different microenvironments (7–10).

Pathogens can be transmitted from mother to fetus either via infection of the placenta or fetal membranes (often viral), ascension of the reproductive tract (often bacterial) or by transmission during childbirth (viral, bacterial, fungal). Infection that occurs whilst the baby is in utero is termed congenital infection. Each year congenital anomalies lead to approximately 300,000 neonatal deaths during the first month of their lives (11). Globally, approximately 190,000 cases of congenital toxoplasmosis (12) and 1,000,000 incidences of congenital syphilis (13) are reported each year. Pathogens capable of causing congenital infection have historically been classified as members of the ‘TORCH complex’: Toxoplasma gondii, Others (syphilis, Hepatitis B), Rubella, Cytomegalovirus (CMV) and Herpes simplex virus (HSV) (14). Other pathogens such as Zika virus (ZIKV), Human Immunodeficiency Virus (HIV), Varicella-zoster virus (VZV), Listeria monocytogenes and Treponema pallidum have subsequently been added to this group (15). Congenital infection can be associated with considerable morbidity and mortality, depending on the developmental stage of the fetus at the time of infection and the causative pathogen (16, 17). Consequences include neurodevelopmental delays, hearing loss (18), microencephaly and other major neurological abnormalities (19).

Placental infection with or without concomitant pathogen transmission to the fetal compartment can cause distinct histopathological findings in the placental tissue. Specifically, infectious processes in the placenta can be accompanied by villitis, a destructive inflammation of the chorionic villi associated with lower birth weight (20), or chorioamnionitis (CA), inflammation of the fetal membranes often associated with spontaneous preterm birth (21). Evidence accumulated since the start of the COVID-19 pandemic indicates that SARS-CoV-2 could be an example of a pathogen capable of infecting the placenta but not readily transferred transplacentally to the fetus in most cases (22, 23). SARS-CoV-2 protein and RNA have been detected in the syncytiotrophoblast cells and less so in other cell types in the placenta, while marked inflammation and lymphohistiocytic infiltration were noted as a consequence of placental infection (24–26). Whilst the presence of pronounced inflammation in this case can be damaging to the placental tissue, it could be essential for preventing further SARS-CoV-2 spread and subsequent in utero infection, a scenario with a worse potential outcome. Several published studies of placental SARS-CoV-2 infection are lacking in their methodology and terminology; the importance of proper sampling and techniques for accurate definition of placental SARS-CoV-2 infection was recently published (27).

Given the significant medical, societal and economic impacts of placental and fetal infection in pregnancy (28, 29), and the easy accessibility to these tissue macrophages at the end of pregnancy, it is surprising that we do not better understand the roles that Hofbauer cells play in infective processes. This information can help in the establishment of new preventive strategies and therapeutic interventions to protect individuals at a very vulnerable stage of the life course. There are several excellent previous reviews of HBC biology and their role in normal and pathological pregnancy (10, 28, 29). This scoping review follows systematic review methodology to synthesize the literature specifically regarding the role of HBCs in infection during pregnancy.



Methods


Search Strategy

Studies without any publication year limit were retrieved from PubMed and Scopus on 20th May 2021 using a combination of key words designed to capture all articles that have investigated HBCs and infection. The keywords were selected to be in the title/abstract for PubMed and title/abstract/keywords for Scopus search to identify results focused on the main research question. The search was as follows: (hofbauer* OR “hofbauer cells” OR “hofbauer cell” OR “placental macrophage” OR “placental macrophages”) AND [infect* OR virus OR viral OR bacteri* OR parasite* OR pathogen* OR lps OR “poly (i:c)” OR toxoplasm* OR microb* OR HIV)]. Additional keywords were tested without identifying any additional studies, and therefore were excluded from the final search (Supplementary Material - Table 1).



Inclusion and Exclusion Criteria

Only studies that used human material from infected patients and investigated HBCs responses were included. Studies that investigated HBCs (isolated from human placenta) in combination with pathogens or pathogen-associated molecular patterns (PAMPs) were also included. Excluded criteria included (a) usage of animal models or cell lines without the use of any primary human placental macrophages (b) reviews and book chapters (c) studies not written in English. Duplicates found during title/abstract screening or/and full-text screening and studies without full text available were also excluded (Supplementary Material - Table 2).



Study Screening

For article screening and Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram creation (Figure 1), the Covidence systematic review platform was used. The articles were screened independently by two reviewers (G. F. and P. P.) for eligibility. A third reviewer (B. H.) resolved any conflicts that arose during the screening. For the purposes of this review the risk of bias for each study was not evaluated since no cohort studies nor randomized control trials were present.




Figure 1 | PRISMA 2009 flow diagram of literature search and records selection.





Data Extraction and Analysis

To facilitate the interpretation of the final list of results, the following data were extracted from the articles: article identification (title, authors, journal and publication year), study design (case-control, in vitro), health status of the samples (normal pregnancy, villitis, CA and preeclampsia), mode of sample collection (birth, termination, miscarriage and stillbirth), gestational age (first, second or third trimester), sample type (placental tissue, explants and isolated HBCs), method of HBC isolation (digestion and centrifugation, positive selection with anti-CD14 immunobeads, negative selection using anti-CD10 and anti-epidermal growth factor receptor (EGFR) immunobeads or other), sample treatment (co-culture, in vitro exposure to pathogen or PAMPs), methods to identify infection, placental infection prevalence, fetal infection, HBC infection, HBC hyperplasia, gene transcription and protein expression or secretion and the main findings are summarized in tables across results section.




Results


Studies Identified

From a total of 231 studies initially screened, 86 were included (Figure 1). Of these, 37 were in vitro studies using isolated HBCs or explants, 47 were observational studies using placental tissue, which included case-control studies and case reports and 2 studied both. The results were divided into 4 main groups based on the type of infection; HBCs in: 1) viral infection (n=67) including infections by HIV (n=26), ZIKV (n=17), CMV (n=8) and others; 2) bacterial infection (n=7); 3) parasitic infection, which were all studies of Plasmodium falciparum (n=4); or 4) response to Pathogen-Associated Molecular Patterns (PAMPs) (n=13). An overview of the study of HBCs and infection is shown in Figure 2.




Figure 2 | Overview of all studies that have investigated pathogen infection or pathogen responses in Hofbauer cells. All identified studies published before 20th May 2021 were categorized by pathogen, or Pathogen-Associated Molecular Pattern (PAMP) studied. Viral infections are represented in blue, bacterial infections in grey, parasitic infections in orange and PAMP treatments in green. The number of articles that investigated each pathogen or PAMP is indicated in parentheses. HIV Human Immunodeficiency Virus, ZIKV Zika virus, CMV Cytomegalovirus, RSV Respiratory syncytial virus, DENV Dengue virus, CHIKV Chikungunya virus, HPV Human papillomavirus, HBV Hepatitis B virus, L. crispatus Lactobacillus crispatus, E.coli Escherichia coli, T.pallidum Treponema pallidum, C.burnetti Coxiella burnetii, P.falciparum Plasmodium falciparum, LPS lipopolysaccharide, PIC Polyinosinic:polycytidylic acid, FSL-1 Pam2CGDPKHPKSF-synthetic lipopeptide, PGN Peptidoglycan, MSP1 Merozoite surface protein.





HBCs in Viral Infection


HIV-1 Observational Studies

HIV-1 was the most investigated pathogen in observational studies (n=6/9) (30–35). Placentas were obtained from mothers after pregnancy termination, pregnancy loss or delivery (Table 1). HIV-1 infection of the placenta was detected in 27% to 100% of samples. Infection of HBCs was assessed through observation of viral protein (n=5), reporting 30% - 100% of samples with infected HBCs and through detection of viral nucleic acid (n=4), reporting infected HBCs in 16% to 100% patients (Table 1). The proportion of infected HBCs in each placenta was missing from most studies; however, Lewis et al. (30) reported that one in five HBCs were positive for HIV-1 and Backé et al. (33) reported the presence of a few positive HBCs.


Table 1 | Hofbauer cells in observational studies of viral infection.



Four studies examined HBC infection and transplacental transmission (30, 33, 34, 37). HIV-1 was detected in embryonic precursor blood cells in three first trimester fetuses with infected HBCs, underlying a possible role of HBCs in fetal infection during early gestation (30). Backé et al. (33) reported 12 asymptomatic offspring from 13 HIV-1 antigen-positive placentas and one infected offspring from four HIV-1-positive placentas. Sheikh et al. (34) reported three cases of HIV-1 in utero transmission in women with syphilis, one of them also having chorioamnionitis, and observed that HBC infection indicated a possible involvement of HBCs in offspring infection during late pregnancy. Cases of chorioamnionitis were reported in three studies (34, 35, 37); however, only the study of Bhoopat et al. (35) investigated the contribution of chorioamnionitis in vertical transmission of HIV-1. In this study, 24 first and second trimester therapeutic abortions from HIV-1 seropositive women were examined and placental histological analysis revealed five cases of chorioamnionitis (35). Of these five cases, four were associated with fetal viral transmission, suggesting a link between HBC infection, placental inflammation and HIV-1 in vertical transmission during early pregnancy.

The three remaining observational studies of HIV in HBCs were focused on proteins associated with the immune response or viral entry. One study investigated the placental expression of HIV-1 co-receptors, C-C chemokine receptor type 5 (CCR5) and C-X-C chemokine receptor type 4 (CXCR4) in 16 non-transmitting and 7 transmitting HIV-1 women (36). They reported expression of both co-receptors in HBCs but not in trophoblast cells and identified that placental CCR5:CXCR4 ratio was significantly higher in transmitting women; however, they did not further investigate whether the alteration was due to upregulation or downregulation of co-receptors in HBCs. Also, higher expression levels of DC-SIGN and DC-SIGNR, lectins that recognize viral PAMPs, were reported in placentas from 25 women with HIV-1 and 15 women with HIV-1 and CA compared to HIV-negative women, and HBCs were reported to express both proteins (37). No difference in the expression of the natural killer inhibitory receptor ligand, HLA-E, was documented in placental tissue from 99 HIV-infected mothers compared to uninfected group in another study (38). Though HLA-E was expressed in HBCs, differences between HIV-positive and negative women were not examined.



HIV-1 In Vitro Studies

Fifteen studies examined the permissiveness of HBCs to HIV-1 using in vitro challenge (Table 2). Of these, infection was reported through detection of HIV-1 nucleic acid (34, 62, 63, 67, 68, 73, 75, 77) or protein (62, 65, 66, 70, 73, 76). Productive infection was also measured by extracellular protein (62–66, 68, 69, 71, 75, 77), extracellular reverse transcriptase activity (62), infectious virions in supernatant (62, 65) or/and microscopy (75, 76). Of the 17 studies, eight investigated susceptibility to HIV-1 infection in HBCs compared to monocytes or monocyte-derived macrophages (MDMs) through p24 detection in supernatants (n=8) or/and viral nucleic acid (n=5) (62, 63, 69, 73, 75). These studies reported HIV-1 replication in HBCs but reduced ability to replicate the virus compared to fetal MDMs, adult blood and cord MDMs. Even upon GM-CSF treatment, HBCs produced fewer virions compared to fetal MDMs (62) and adult MDMs (64). The distinct difference in viral replication was not due to increased cell death, cytopathic effects (62, 64, 68, 75) or inefficient particle assembly/release (75), but due to restriction at the transcriptional level (73).


Table 2 | Hofbauer cells in in vitro studies of viral infection.



Permissiveness of HBCs depends on the HIV-1 strain utilized (63, 65, 68, 94). For example, Fear et al. (68) highlighted differences in viral replication among seven clinical and two laboratory-adapted strains, such as the macrophage-tropic HIV-Bal, and showed that only the laboratory-adapted strains and not the clinical isolates were able to replicate in HBCs.

Co-culture experiments of HBCs with different cell types in vitro have shown the importance of cell-cell interactions and cytokines in viral replication and hence a potential role of HBCs in viral dissemination. Viral replication in HIV-1-infected HBCs was enhanced after co-culture with CEM, a highly permissive T-cell line (62). Co-culture of infected syncytiotrophoblasts with non-infected HBCs increased HIV-1 gene expression in the former cells and secretion of IL6 and TNF-a by HBCs (70, 75).

Furthermore, intrinsic HBC factors could increase the risk of vertical HIV-1 transmission. The potential role of DC-SIGN in intrauterine transmission was discussed in the study of Boily-Larouche et al. (74), who detected the expression of DC-SIGN on HBCs derived from placentas of HIV-1-positive and -negative mothers and found that specific promoter variants enhanced the risk of vertical transmission. Reduced DC-SIGN expression was observed after promoter variant induction in HBCs from placentas of HIV-1-negative mothers and not those from HIV-1-exposed mothers (74). Decreased HIV-1 replication was observed when isolated HBCs from term placentas were infected with HIV-1 following small interfering ribonucleic acid (siRNA) knockdown of the proteinase inhibitor Cystatin B (CSTB). The levels of CSTB were lower in HBCs compared to MDMs isolated from seronegative donors, while viral protein was more abundant in MDMs (71). CSTB interacts with signal transducer and activator of transcription (STAT)-1 in both HBCs and MDMs, with the levels of STAT-1 tyrosine phosphorylation being higher in HBCs compared to MDMs and in uninfected HBCs compared to infected. Protein analysis of HBCs indicated an altered pattern of activation and signal transduction upon HIV-1 infection. Notably, the levels of STAT-1 serine phosphorylation didn’t alter upon infection and the different levels of phosphorylation suggest distinct regulation pathways (72). In addition, using primary HBCs from 10 term pregnancies, an increased susceptibility for HIV-1 and increased HIV-1 replication within HBCs was reported following CMV infection in vitro (77).

Finally, despite the ability of HBCs to replicate HIV-1, several factors can interrupt viral dissemination. Exogenous administration of IL-10 and TGF-β limited viral replication within HBCs while TNF-α pre-treatment significantly increased it (75). However, HBC co-culture with TNF-α or phytohemagglutinin (PHA)-stimulated peripheral blood mononuclear cells (PBMCs), which promotes the activation of T-cells, did not affect viral replication in HBCs (64). Of particular note, suppression of viral replication in HBCs was observed when treated with progesterone and zidovudine (67). HBCs were permissive to HIV-1 and formed virus-containing compartments (VCCs) enriched in tetraspanins, endosomal and lysosomal markers, and VCCs were accessible to neutralizing antibodies that could limit viral replication in HBCs through FcγRI (76).



ZIKV Observational Studies

In 2015-16, there was a Zika virus (ZIKV) epidemic, mainly affecting countries in South and Central America, as well as South East Asia, the Pacific Islands and parts of North America (95). During this epidemic, it was discovered that ZIKV can be transmitted vertically to the fetus, causing severe developmental complications including microcephaly (96, 97). This led to a number of studies that sought to study ZIKV infection in the placenta. Of these, nine studies investigated HBC infection and/or hyperplasia (increased HBC numbers) (Table 1) (39–47).

In situ analyses of placental tissue from ZIKV-infected pregnant women revealed ZIKV placental infection in 35% - 100% of samples (39–47) and HBC hyperplasia in all, except for one case-control study (45). In HBCs, ZIKV infection was assessed through detection of ZIKV protein (39, 42, 43, 45) or ZIKV ribonucleic acid (RNA) (40, 41) and both ZIKV RNA and protein were found in HBCs. No study investigated the presence of both ZIKV RNA and protein in HBCs nor reported the proportion of infected HBCs.

A range of gestational ages was studied, demonstrating the infection of HBCs in the first, second and third trimester. Most studies were small (n ≤ 3) (39–41, 43–46), but one larger study of 20 term placenta samples (42) suggested that ZIKV probably infects HBCs by term in all cases of maternal infection. A few studies reported the potential infection timepoint at which maternal infection occurred: first (39, 40, 42, 44–46), second (40, 42, 45) and third (39, 42, 45) pregnancy trimester.

Some studies reported fetal outcomes such as fetal infection or congenital malformations and HBC infection or/and hyperplasia (41, 43–47). Santos et al. (46) reported a case of placental inflammation, HBC hyperplasia and fetal infection. HBC hyperplasia in ZIKV-infected pregnancies has been observed in the presence (41) and absence (44) of placental inflammation and was correlated with fetal infection in both cases. Fetal defects were reported in cases with HBC hyperplasia (44), whereas no congenital anomalies were observed in the absence of HBC hyperplasia (45); a link between HBC hyperplasia and fetal defects could be suggested but needs further investigation. Increased numbers of HBCs expressing vascular permeability markers (vascular endothelial growth factor (VEGF)-2 and (C-C motif) ligands (CCL5) and pro-inflammatory cytokines (TNF-α and IFN-γ) were observed in immunohistochemistry experiments of a fetus with documented HBC infection and hyperplasia (43), suggesting a role of HBCs in the placental pro-inflammatory response, vascular permeability and a possible role of HBCs in transplacental transmission. Notably, fetal samples were not available for some studies and information on HBC infection/hyperplasia or fetal infection was often lacking.



ZIKV In Vitro Studies

Several groups have investigated ZIKV infection of HBCs in vitro, either by infecting isolated HBCs or placental explants (78–85) (Table 2). When isolated HBCs were infected in vitro with ZIKV, infection was identified through detection of viral protein (78–85) or/and viral RNA in HBCs (78, 79, 81, 83, 84), across all trimesters of pregnancy (78, 81, 84) (Table 2). However, different viral replication rates were observed among HBCs from different donors (81). An average percentage of 5% of isolated HBCs were infected (78, 81) and an average range of 10-37% in placental explants was documented (79, 82, 84). In addition, distinct infection rates were reported among different ZIKV strains in placental explants (82).

Some studies investigated the ability of ZIKV-infected HBCs and explants to produce mature virions capable of infecting other cells and thus contribute to vertical transmission. Production of virions by infected explants was observed in plaque assay experiments (82). HBCs were reported to replicate ZIKV that could infect epithelial Vero cells in vitro (79), and Janus kinase (JAK)-STAT signaling was important for the production of mature virions (83). Exposure of placental explants to ZIKV or/and flavivirus non-structural protein 1 (NS1) increased placental permeability, measured by dextran fluorescence permeability assay (85), suggesting a mechanism by which HBC-produced virions could potentially cross the placenta and transmit to the fetus.

HBCs express surface receptors that are important for ZIKV dissemination (80). The study of Tabata et al. (80) reported the expression of important surface viral entry cofactors T-cell immunoglobulin and mucin domain 1 (TIM1) and AXL tyrosine kinase receptors on HBCs. Co-cultivation of placental explants with duramycin, which prevents TIM1 receptor binding, reduced the viral load. However, changes in the expression of TIM1 or AXL in HBCs between infected and uninfected explants were not investigated (80).

Interestingly, a link between previously obtained immunity and ZIKV infection was recently described (84). The study of Zimmerman et al. (84) showed that pre-existing Dengue virus (DENV) antibodies enhanced ZIKV infection of HBCs in vitro, and the ZIKV-DENV complexes suppressed the production of antiviral effector proteins and retinoic acid-inducible gene-I-(RIG-I) like receptors, while treatment with IFN-β or blocking of FcRn binding reduced the viral replication rate (84). Regarding the presence of DENV cross-reactive antibodies in vivo, a few observational studies evaluated the presence of serum cross-reactive DENV antibodies with ZIKV antibodies but not with ZIKV (42, 43), while other studies reported previous DENV infection but did not check for the existence of cross-reactive antibodies (39).

ZIKV infection of HBCs and explants has been shown to alter HBC transcriptional and protein profiles (81, 83, 85). Infection of HBCs in vitro increased the transcription rate of several antiviral genes (IFNA, IFNB, IFIH1, DDX58, DHX58, IFIT1.2.3, OAS1, RSAD2), modestly upregulated surface proteins important for T-cell interactions (CD80, CD86 and MHC II) and elevated the secretion of cytokines/chemokines (IFN-α, IL-6, CCL2) and C-X-C motif chemokine ligand-10 (CXCL-10) (81). Of particular note, HBC activation was enhanced upon increased viral replication and, despite increased IFN-β mRNA, no IFN-β secretion was observed (81). Also, an increase in numbers of HBCs expressing DC-SIGN and HLA-DR proteins was reported (83). Downregulation of LYVE-1 - which regulates hyaluronic acid (HA) metabolism and induces HA-dependent leukocyte rolling - was observed (85). That decrease may imply an insufficient role of HBCs in maintaining vascular integrity of chorionic villi during infection and may therefore contribute to the alteration of placental permeability, as observed in vitro (85) and in vivo (43).



CMV Observational Studies

One of the most common transplacental infections in pregnancy, CMV, was examined in five observational studies (48–52) (Table 1). Absence of HBC infection was reported following immunohistochemistry analysis of placental tissue from CMV-infected women in two studies (48–50), while presence of viral DNA was observed (51, 52), highlighting differences in outcomes depending on the method used. Similarly to ZIKV infection studies, no study investigated the presence of both viral DNA and protein nor the percentage of infected HBCs. In addition, the trimester at which maternal infection or re-activation of infection occurred was not reported in any of the studies.

HBC hyperplasia was examined in two studies (49, 51), which found HBC hyperplasia in 100% of cases (n=7; Table 1) in the presence or absence of HBC infection. Euscher et al. (51) reported infection and hyperplasia of HBCs in three out of ten cases of unknown gestational ages. In contrast, Schwartz et al. (49) observed HBC hyperplasia in all four placentas from different gestational ages in absence of HBC infection.

Severe fetal or new-born outcomes were reported in the presence and absence of HBC infection (48–52). All examined cases of chorionic villitis with confirmed placental CMV infection (3 cases) exhibited fetal infection in the absence of HBC infection (48, 50). Also, three cases of lymphocytic villitis were examined and placental CMV inclusions were observed in two mothers and one reported fetal infection without identified viral positive HBCs (49). Euscher et al. (51) examined 10 cases of newborns with respiratory and neurological abnormalities and identified viral DNA in HBCs of 3 newborns, while Satosar et al. (52) examined 77 cases of Newborn mortality and morbidity and found four cases of CMV placental infection with CMV-positive HBCs.



CMV In Vitro Studies

Studies that have investigated HBC CMV infection and viral dissemination in vitro are shown in Table 2. Co-culture of isolated HBCs with CMV-infected syncytiotrophoblasts resulted in viral transmission to HBCs and induction of IL-8 and TGF-1β, whilst absence of the virus in co-culture experiments was reported after antibody-mediated blocking of cytokines, suggesting a role of those cytokines in viral gene expression that influences viral transmission (86). Wussow et al. (87) focused on the development of a vaccine based on modified vaccinia Ankara with CMV proteins and demonstrated that serum neutralizing antibodies against gH/gL were capable of preventing infection of HBCs, suggesting that pre-existing CMV antibodies could be captured by Fc receptors on HBCs and prevent viral spread by HBC-mediated neutralization.

Finally, changes in HBC immunophenotype during CMV infection were identified in vitro (77). Infection of HBCs with CMV led to upregulation of co-stimulatory (CD80) and immunoregulatory [programmed death-ligand 1 (PDL-1)] proteins and CCR5 co-receptor expression, increased the release of proinflammatory cytokines (TNF-α, IL-6), type I IFNs (IFN-α, IFN-β) and decreased the secretion of the IL-10 immunoregulatory protein (77). In addition, several antiviral gene transcripts were increased in HBCs, including type I IFNs and proteins contributing to type I IFN signaling (STAT-1, melanoma differentiation-associated protein-5 (MDA-5), RIG-I), while under-expression of STAT-2 and phosphorylated STAT-2 suggested involvement of CMV in transcription-translation interruption in HBCs (77).



Other Viruses

Apart from the effort to understand HBC response to HIV-1, ZIKV and CMV infection, the response of HBCs to other viral infections has been less extensively studied. Other viral infections examined included different types of herpes viruses (51, 52, 88, 89, 92), influenza (53, 54), parvovirus (51, 52), coxsackievirus (51), enterovirus (51), echovirus (89), Dengue virus (57), human papillomavirus (HPV) (56), hepatitis B (HBV) (55), respiratory syncytial virus (RSV) (91), Sendai virus (90), Chikungunya virus (58) and SARS-CoV-2 (25, 26, 59–61, 93).



Observational Studies of Other Viruses

Ten of thirteen observational studies investigated HBC infection by in situ detection of viral protein or/and viral DNA or RNA (Table 1). Both viral protein and RNA were detected in HBCs during coxsackievirus (51), enterovirus (52), H5N1 (54), and SARS-CoV-2 (26, 60) infection. Viral protein was also detected in HBCs following Dengue virus infection (57), viral RNA during Chikungunya virus infection (58), and viral DNA during herpes simplex virus types 1 and 2 (HSV) (51, 52) and HPV infection (56), while absence of parvovirus DNA (51, 52) and SARS-CoV-2 RNA and protein in HBCs (59, 61) was reported. Information regarding the timing of maternal infection during pregnancy was missing from all studies except the studies that investigated H5N1 infection, which occurred during the second pregnancy trimester and resulted in death (53, 54). The proportion of infected HBCs was only stated for coxsackievirus; reporting 10% positive cells for viral protein and 50% for viral RNA (51).

HBC hyperplasia was examined in eight observational studies. Coxsackievirus (51), parvovirus (51) and DENV infection (57) all induced HBC hyperplasia, whilst HBC hyperplasia was not seen during HSV infection (51). After maternal SARS-CoV-2 infection, no evidence of HBC hyperplasia was detected in one study (61), whilst three other studies identified HBC hyperplasia (25, 26, 59). For the other viral infections such as influenza, HBV, HPV and enterovirus, HBC hyperplasia was not examined.

Five of the observational studies looked at the presence of surface proteins including immunoglobulins on HBCs (25, 26, 53, 55, 60). HBCs express the human influenza receptor but not the avian receptor, with similar distribution between the infected and the control group, implying that distinct receptors or co-receptors are responsible for H5N1 entry in HBCs (53). Hepatitis B immunoglobulin (HBIG) was found on HBCs in placentas from HBV-positive mothers given intravenous HBIG (55). The proportion of HBIG was associated with fetal protection, potentially through viral neutralization by HBIG-HBCs (55). Expression of the checkpoint inhibitor PDL-1 was observed in HBCs following SARS-CoV-2 infection (26). Whether HBCs express the major SARS-CoV-2 entry receptor Angiotensin-converting enzyme 2 (ACE2) is still under debate, with one study reporting its absence in HBCs from 19 SARS-CoV-2-exposed placentas (25) and another reporting that ACE2 is expressed in the placenta, including HBCs, but downregulated upon SARS-CoV-2 infection (60).

Infection of HBCs has also been explored as a risk factor for transplacental infection or adverse pregnancy outcome. A large observational study involving 271 HPV-positive women identified placental infection in 31 placentas, with viral DNA present in HBCs, although HPV infection was not associated with pregnancy complications such as preterm birth or miscarriage (56). Fetal infection with DENV (57) and H5N1 (54) was documented and HBCs were infected in both cases. Placental analysis during DENV infection revealed increased deposition of proinflammatory cytokines (IFN-γ, TNF-α) and chemokines (CCL2, CCL5) in HBCs and vascular permeability factors such as VEGF2, VEGF receptor in the endothelium (57), proposing a barrier interruption and possible viral transmission through infected HBCs.



In Vitro Studies of Other Viruses

In vitro studies have shown that HBCs are permissive to MHV-68 (92), Sendai virus (90) and RSV (91) but not to HSV-2 (88, 89), echovirus 19 (89) or SARS-CoV-2 infection (93) (Table 2). The methods utilized include protein detection by immunofluorescence (88, 89, 91, 93), viral titer quantification (88–90), electron microscopy (89), polymerase chain reaction (PCR) (91, 92) and western blot (91). For in vitro studies of viral infection, HBCs were mostly isolated from term placentas, with only five out of thirty studies utilizing samples from the first or second trimester - the time period where congenital infection is most damaging.

The proportion of infected HBCs has only been reported for HSV (88) infection and RSV (91). Exposure to HSV resulted in infection of 17% of HBCs, measured by viral protein, whilst only 4.4% of cells produced infectious HSV, measured by viral titer assays (88). The proportion of RSV-infected HBCs varied between 5% to 17% among donors as measured by RFP fluorescence (91). This study also proposes a contribution of HBCs to RSV dissemination. Although no detectable RSV was observed in HBC supernatant 30 days after in vitro infection, co-culture of infected HBCs with human bronchial epithelial cells spread the virus, suggesting a vital role of cell-to-cell interaction for viral dissemination.

Interestingly, HBCs were competent to eliminate HSV-2 and echovirus 19 infection (89). During those infections, pseudopods were emitted from HBCs, and there were increases in lipid accumulation, cellular volume, and numbers of vacuoles in cytoplasm, suggesting viral phagocytosis and degradation within HBCs (89).

An altered secretion profile has been observed upon viral infection of HBCs in vitro. Proinflammatory cytokines were released from HBCs during MHV-68 (IL-1β) (92), Sendai virus (IFN-β) (90) and RSV (TNF-α, IFN-γ, IL-6, IL-12) (91) infection. Interestingly, the IL-1β secretion during MHV-68 infection induced IL-8 secretion and increased pro-neutrophil response marker expression (IL-8, vascular cell adhesion molecule-1, intercellular cell adhesion molecule-1 (ICAM-1), E-selectin) in human umbilical vein endothelial cells (HUVECs) (92). This indicates a possible role of HBCs in creation or maintenance of a proinflammatory environment and activation of other cells in the placenta to counter pathogen invasion.




HBCs in Bacterial Infection


Observational Studies of Bacterial Infection

Some bacterial infections are associated with pregnancy complications followed by adverse pregnancy outcomes (98) (Table 3). The used search strategy obtained two observational studies which examined HBC bacterial infection or hyperplasia (52, 103). An increase in the number of HBCs was reported in Treponema pallidum-infected placentas from mothers with placental villitis (103). From a total of 15 cases of offspring death or illness in which placental bacterial infection was identified (using a consensus probe), mainly trophoblast rather than HBC infection was reported, in contrast to viral infection (52). The gestational age of maternal infection in pregnancy was not reported for any of these 21 cases of bacterial infection (52, 103).


Table 3 | Hofbauer cells in observational studies of parasitic and bacterial infection.





In Vitro Studies of Bacterial Infection

Several groups have investigated HBC responses to bacterial infection in vitro, including 5 studies of GBS (104–108), Coxiella burnetii (109), E. coli (104, 105) and Lactobacillus crispatus and E.coli infections (110). Most of the studies used third trimester placentas. The sample size and gestational age were often not reported (Table 4).


Table 4 | Hofbauer cells in in vitro studies of bacterial infection.



Alterations in HBC numbers and phenotype have been reported in cases of chorioamnionitis (104). Amara et al. (104) examined nine patients with chorioamnionitis (4 grade I, 3 grade II and 2 grade III), of whom two had vaginal GBS and one had vaginal E.coli, three had bacteriuria and two had E.coli in their placentas. The numbers of HBCs were remarkably reduced in chorioamnionitis cases compared to HBCs from normal pregnancies and the expression of CD163, monocyte/macrophage scavenger receptor shed by inflammatory stimuli, was significantly increased in severe compared to moderate cases. CD163 expression was also increased in HBCs from chorioamnionitis-affected placentas with documented infections compared to those without an identified infection, suggesting this is a response to infection rather than sterile inflammation. The expression of M2 and M1 macrophage phenotype markers was similar between chorioamnionitis-positive and -negative pregnancies, and only three M1 genes (EDN1, IL-15 and IL-15RA) were reported as upregulated in HBCs from chorioamnionitis-positive cases (104).

HBCs alter their inflammatory profile to cope with in vitro bacterial infection. GBS infection of HBCs shifts their immunophenotype by increasing the secretion of proinflammatory cytokines (IL-6, IL-1β and TNF-α), activation of the nuclear factor kappa B (NFκβ), inflammasome assembly and upregulation of E-Selectin and the chemokine CCL4 in a protein kinase D-dependent manner (106). HBCs infected with Coxiella burnetii upregulate eight M1 macrophage-associated genes, whilst increased release of IFN-γ was associated with bacterial elimination (109).

In addition to the ability of HBCs to eliminate pathogen infection by cytokine induction, Doster et al. (105) proposed a novel mechanism of bacterial elimination by the release of macrophage extracellular traps (METs). Upon GBS infection, HBCs were observed to release METs containing matrix metalloproteases capable of killing infected cells. The release of METs is not GBS-specific, with other bacteria such as E. coli and heat-killed GBS bacteria leading to similar MET release levels, suggesting a broad defense mechanism. Interestingly, MET release may contribute to fetal membrane weakening since METs which contained matrix metalloproteases and CD163-positive cells were found on fetal membranes (105).

Finally, three studies reported the phagocytic capacity of HBCs using labelled bacteria (110) and unopsonized bacterial bioparticles (107, 108). Using unopsonized bioparticles, it has been shown that prostaglandin E2 (PGE2) regulates the phagocytic ability of HBCs to take up Group A Streptococcus (107), GBS and E. coli (108).




HBCs in Parasitic Infection

Only four observational studies of HBC responses to parasitic infections were identified, and all of them focused on Plasmodium falciparum (99–102) (Table 3). One of these investigated HBC infection indirectly, by identifying parasite disposal products in HBCs (101), one investigated the presence of IgE in association with HBCs (102), and the other two investigated HBC protein expression. Similar expression of the macrophage migration inhibitory factor (MIF) (100) and HIV-1 co-receptor CCR5 (99) was reported in HBCs between infected and uninfected women. A possible association between the HBC inflammatory response and fetal growth restriction in malaria-infected women was reported (101). Specifically, an increase in HBC numbers was observed and analysis of the CD163:CD68 balance in HBCs revealed a decrease in the M2 phenotype, which was associated with lower birth weight (101).



HBC Responses to Pathogen Associated Molecular Patterns (PAMPs)

As an alternative to studying responses to whole pathogens, several groups have investigated HBC responses to individual pathogen-associated molecular patterns (PAMPs) including lipopolysaccharide (LPS) (6, 69, 104, 109–115), merozoite surface protein 1 (MSP1) (116), polyinosinic:polycytidylic acid (PIC) and peptidoglycan (PGN) (110, 114), and Imiquimod and FSL-1 stimulation (110) (Table 5). HBCs were isolated mainly from third trimester placentas (n=9 studies) (6, 69, 109, 111–116), with only three studies using HBCs from the first or second trimester (6, 110, 112).


Table 5 | Studies that investigated HBC response to PAMP(s) treatment in vitro..



Lipopolysaccharide (LPS) was the most commonly used bacterial PAMP in HBC studies, LPS is a membrane component of gram-negative bacteria that signals mainly through toll-like receptor 4 (TLR4). One recent study performed an analysis of HBC response to LPS across gestation (6), and found a significant amount of activated HBCs expressing tolerogenic markers in early pregnancy stages, with the number of activated cells dropping at term. Treatment with IFN-γ and LPS led to the expression of inducible nitric oxide synthase (iNOS) and STAT-1 by early/midgestational HBCs, while the M1 to M2 phenotype ratio was not affected in term HBCs. More specifically, several subtypes of M2 phenotypes were detected at term, suggesting that HBCs are a heterogenous population of macrophages with regulatory and anti-inflammatory properties orchestrated in time through pregnancy (6). Thomas et al. (110) also showed that LPS and IFN-γ treatment enhanced the secretion of inflammatory cytokines (TNF-α and IL-1β) and reduced the production of tissue remodeling factors (TIMP-1 and MMP-9), while FSL-1 (TLR2/TLR6 agonist) treatment enhanced the production of chemoattractants and cytokines (CCL-3, IL-8, IL-6, and GM-CSF) in 3rd trimester.

Mezouar et al. (109) proposed that HBCs from term placentas maintain an M2 anti-inflammatory phenotype in the presence of LPS, despite the induction of M1-like proteins and cytokines, unlike in vitro bacterial infections. Schliefsteiner et al. (113) examined the HBC response in the presence of LPS and IFN-γ, which did not induce M1 polarization but a decrease in the percentage of HBCs expressing M2 type associated proteins (CD206 and DC-SIGN). In addition, they observed an elevated release of proinflammatory cytokines (TNF-α and IL-12) but also release of M2-immunoregulatory (IL10), highlighting the heterogenicity of HBCs and the oversimplified classification of macrophage phenotypes (113). Plaud-Valentin et al. (69) also observed the release of TNF-α and IL-1 from IFN-γ and LPS-stimulated HBCs; however, the cytokine secretion was higher in monocyte-derived macrophages. Similarly, an increase in the percentage of HBCs with intracellular expression of proinflammatory cytokines IL-1α, IL-1β, TNF-α and IL-6 was reported upon LPS stimulation by Pavlov et al. (111). Inflammasome activation, increased release of IL-1β and pyroptosis were induced upon HBC treatment with LPS and ATP (115). Robust secretion and transcription of the IL-6 pro-inflammatory cytokine and to a smaller degree of IL-8 chemokine was documented upon HBC treatment with LPS and to a lesser extent with PIC treatment, while PGN did not affect IL-6 and IL-8 secretion (114).

LPS responses by HBCs from normal pregnancy and those with chorioamnionitis were compared by Amara et al. (104). HBCs were shown to release IL-6, IL-10 and TNF-α in response to LPS. This study also observed, for the first time, the spontaneous in vitro formation of multinuclear giant cells (MGCs) from HBCs in healthy pregnancies. These MGCs exhibited similar phagocytic capacity to HBCs and released smaller amounts of TNF-α in response to LPS (though similar levels of IL-6 and IL-10). Interestingly, in cases of chorioamnionitits, they saw reduced HBC numbers, potentially via increased apoptosis or recruitment of HBCs into inflamed fetal tissues, as well as a failure by the cells to form MGCs. LPS treatment of HBCs from chorioamnionitis patients demonstrated reduced IL-10 responses and defective activation of the signal transducer and activator of transcription 1 (STAT-1), which is important for LPS-stimulated gene expression.




Discussion

Here we present a systematic scoping review of the role of Hofbauer cells in infection during pregnancy. A variety of pathogens productively infect, invade, or modulate HBCs as revealed using in situ, ex vivo and in vitro approaches (Summarized in Figures 3 and 4). HBCs can exert responses that are highly infection-restrictive and protective to the fetus (87, 92, 105, 110, 115), but can also be exploited to the advantage of the pathogen for dissemination or hiding (76, 91, 113). Therefore, HBCs appear to be a “double-edged sword” in the context of placental and congenital infection. Several studies described the presence of HBC hyperplasia during infection in the placenta, supporting their role in fetal defense against invading pathogens (25, 26, 39–44, 46, 47, 49, 51, 57, 59, 103). It is not known whether this is a result of replication of existing HBCs in the villi or through migration of additional cells from the fetus. Only one study demonstrated an increase in HBC proliferation upon infection- a study of ZIKV infection (82), hence further studies are needed to determine the potential role of HBC proliferation during infection by other pathogens.




Figure 3 | Overview of the role of HBCs in pathogen infection and pathogen elimination. HBCs can be infected by a range of pathogens, which in some cases can replicate and transmit to other cells. Some pathogens induce HBC hyperplasia which may contribute to pathogen spread by increasing pathogen reservoirs. Release of cytokines during infection may contribute to pathogen elimination or enhance pathogen replication in HBCs. Other factors, such as antibodies and cytokines also influence HBC susceptibility to infection. However, HBCs also have the capacity to eliminate pathogen invasion by phagocytosis or the release of METs and pathogen neutralization. Created with BioRender.com.






Figure 4 | Overview of HBC profile during pathogen infection and PAMP(s) stimulation. Alterations in HBC transcriptional, translational and secretional levels documented after pathogen infection or PAMP(s) treatment in the studies retrieved from the search strategy. Viral infections are represented in blue shades, parasitic infections in orange, bacterial infections in grey and PAMP(s) treatments in green.



Different pathogens and PAMPs uniquely influence HBC responses inducing alterations in their transcriptional, translational and secretion profiles. Although HBCs have been defined as M2-like macrophages that maintain an anti-inflammatory phenotype, characterized by contributions to tissue maintenance and developmental regulation (4, 5), pathogens or PAMPs have been reported to induce potent M1-like responses in these cells (109), with HBCs mounting robust pro-inflammatory cytokine responses  (92, 114, 115). Conversely, HBCs have also been reported to maintain an M2-like phenotype during pathogen encounter  (109, 113). A number of pro-inflammatory cytokines are released following exposure to viral and bacterial infections and upon PAMP exposure (Figure 4). These reported alterations in HBC profile during infection suggest that HBCs have evolved mechanisms to enable their activation and stimulation of adaptive immune responses through antigen presentation, however secretion of some cytokines could also aid in virus dissemination (70).

Of the clinically relevant viruses that are known to infect the fetus in utero, HIV, ZIKV and CMV have been proven as capable of establishing infection in the placenta (34, 78, 86) but specific interactions with HBCs are still far from fully characterized. Infection by HIV, for example, has been shown to occur in vitro, though clinical strains were inferior at infecting HBCs compared to laboratory-adapted strains (65, 66, 68), and HBCs were more resistant to production of new viral progeny than monocytes or monocyte-derived macrophages (MDMs) (71, 73), suggesting that more studies are needed to establish how efficiently HIV can replicate within HBCs. Even though the field is more recent, ZIKV infection of HBCs has been more extensively studied following the establishment of its link to congenital abnormalities such as microcephaly, and HBCs could therefore be important for ZIKV cross-placental transmission. However, it is not completely understood whether it is through productive replication or migration and cell-to-cell spread that HBCs contribute to dissemination towards the fetal compartment. Hyperplasia during placental ZIKV infection has been observed in a number of studies (39, 40, 42–44, 46, 47).

Despite being the most common congenital virus, CMV is not well characterized in terms of its ability to infect HBCs. In situ studies involve only a few samples (48–52) and the number of in vitro studies is small (77, 86, 87). Thus, it is not clear whether HBCs are routinely infected during placental infection by CMV. Furthermore, additional in vitro investigations are necessary to understand how HBCs interact with and respond to CMV and what implications that may have for preventing congenital infection. It would be of interest to explore what other viruses may escape “under the radar” during pregnancy, particularly where overt disease is not seen in the neonate. Multiple studies indicate other viruses such as HSV and coxsackie virus may also be clinically relevant and should be investigated further in the context of placental and HBC infection (51, 52). Additional studies describe capability of other viruses to infect and replicate within HBCs (26, 51, 52, 54, 56–58, 60, 90–92), though it is not known whether these also possess the ability to be systemically spread to reach the placenta and the fetal compartment due to their specific tropism profiles.

An inflammatory microenvironment induced by PAMPs, pathogens and a broader alteration of placental microenvironment may influence the profile of HBCs without direct infection (104). Most of the studies that documented placental and HBC infection identified pathogen genome or antigens within HBCs; however, identifying pathogen components does not reflect live infection. Extracellular vesicles could transfer pathogen components from infected cells to other cell types (117); however, this communication mechanism has not been investigated in HBCs. In this case, plaque assays or culture experiments could reveal the presence of live virus or bacteria, respectively, and thus reflect the capacity of HBCs to replicate pathogens. Infection-like microenvironments induced by PAMPs compared to damage-associated molecular patterns induce different HBC proliferation rates (118) and potentially different HBC expression patterns. Furthermore, supraphysiological doses of individual PAMPs used in in vitro experiments do not recapitulate real infection, and there are documented differences in HBC profiles between pathogen infection and PAMP treatment (109) (Summarized in Figure 4).

Finally, HBCs reside in several micro-locations within the chorionic villus (119), but how these spatial differences affect permissiveness to pathogens and immune functions remains to be investigated. Specifically, HBCs within the anchoring villi are closer to the decidua than those within the floating villi. Since some pathogens are thought to infect the placenta by invading extravillous trophoblasts in the anchoring villi (14), the phenotype and the proportion of infected HBCs within anchoring villi may be different compared to HBCs in floating villi. Also, the influence of decidual cells, including immune cells, on HBC behavior could be higher in anchoring villi, which would have higher exposure to secreted factors. Current investigations of in vitro HBC responses have not examined the effect of HBC location on their response to pathogens and likelihood of infection; this could be beneficial to understanding their role in protecting the fetus from congenital infections.

In completing this review, we identified some themes, including strengths and weaknesses of existing studies, the significance of HBC isolation technique in interpreting findings, the importance of considering pathogen characteristics when designing these studies, which we have summarized in Table 6.  Collectively, elucidating the nature of interactions between HBCs and placental pathogens is of vital importance and relevance to understanding the infection-induced mechanisms leading to adverse pregnancy outcomes.


Table 6 | Considerations for future microbial studies in placental macrophages.
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HBCs to produce mature virions
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syndrome coronavirus 2.





OEBPS/Images/fimmu-12-756035-g001.jpg
PRISMA 2009 Flow Diagram

Records identified through
database searching Additional records identified

PubMed (n = 182) through other sources
Scopus (n =212) (n=0)

Identification

Records after duplicates removed
(n=231)

Screening

Records screened Records excluded
(n=231) (n=110)

Full-text articles excluded,
with reasons
(n=35)

Full-text articles assessed
for eligibility
(n=231)

Eligibility

Studies included in
qualitative synthesis

(n=86)

Studies included in
qualitative synthesis
(n=86)






OEBPS/Images/fimmu-12-756035-g003.jpg
HBC role in pathogen transmission

HBC hyperplasia HBC infection

ZIKV (+/-) Coxsackie virus  HIV-1, ZIKV, CMV (+/-), SARS-

CcMV Parvovirus CoV-2 (+/-), DENV, HSV, H5N1,
SARS-CoV-2 (+/-) T. pallidum HPV, RSV, MHV-68, CHIKV,

cmMmv Coxsakie virus, Enterovirus, Sendai
DENV virus, Echovirus, C. burnetii

HBC role in pathogen elimination

Phagocytic capacity Cytokine-mediated
pathogen elimination

Hofauerc'fl'.
@ HBC)

HBC-mediated Release of macrophage
neutralization extracellular traps






OEBPS/Images/table4.jpg
Bacteria

Unopsonized GAS
bioparticles
Unopsonized GBS
& E.coli
bioparticles

GBS & E.coli

GBS, E.coli &
killed bacteria

GBS

Coxiella burnetii

Lactobacillus
crispatus, E.coli
and labeled E.coli

Samples studied by
trimester (outcome)

1sl 2nd 3rd svd
<37w 237w
- - - 35
LB
= om o= 3
LB
= 9 " =
CA (LB)
LB)
= = = 3
L8
NR
= o 46 (LB)
20 - - -
(TOP)

Model(s) of
infection

Cells

Cells

Cells

Ex-vivo & cells

Cells

Cells

Cells

Immuno-
purification of
HBCs

CD14P

CcD14Ps

CD14P

CD14P

CD14P%°

CD14P

Multiparameter
flow cytometry

Diagnosis of HBC
infection/ viral
replication (no.)

Fluorometric
phagocytosis assay
Fluorometric
phagocytosis assay

NR

Microscopy (NR)

Colony forming units
(NR)

PCR & microscopy
(NR)

Colony forming units
(NR)

Key outcome(s)
in HBCs

PGE2 regulates HBC
phagocytic ability
PGE2 regulates HBC
phagocytic ability

HBCs from CA patients are
altered compared to HBC from
normal pregnancies

HBCs release METs with
digestion enzymes upon GBS
and E.coli infection

HBC immune response to
GBS is dependent on protein
kinase D

HBCs eliminate Coxiella burneti
through IFN-y

HBCs eliminate Lactobacillus
crispatus and E.coli, and have
phagocytic capacity

Reference

Mason et al. (107)

Rogers et al. (108)

Amara et al. (104)

Doster et al. (105)

Sutton et al. (106)

Mezouar et al. (109)

Thomas et al. (110)

GAS, Group A Streptococcus; LB, Live birth; PGE2, Prostaglandin E2; GBS, Group B Streptococcus; E. coli, Escherichia coli; NR, Not reported; CA, Chorioamnionitis; METs, Macrophage
extracellular traps; PCR, Polymerase chain reaction; IFN, Interferon; TOP, Termination of pregnancy.





OEBPS/Images/table3.jpg
Pathogen Gestation of
samples (outcome)
Preterm  Term
Plasmodium falciparum 9 (NR) 14 (NR)
= 9(LB)
3(LB) 14(LB)
33(CA) 8(LB)&
26 (CA)
Treponema pallidum 2(1B& 4@3LB&
1PL) 1PL)

Various bacteria, including 15, gestational age

E. coli, Klebsiella, NR (PL and LB;
Streptococcus agalactiae numbers NR)
E.coli, Haemophilus 1(LB) & -
influenza, GBS (CA 9(CA)

patients)

Trimester of
infection

NR

NR

NR

NR

NR

NR

NR

Diagnosis
of HBC
infection

NR

NR

Hemozoin

detection

NR

NR

rRNA

sequence

NR

HBC
infection
(no.)

NR

NR

+(NR)

NR

NR

- (NR)

NR

HBC
hyperplasia
(no.)

NR

NR

NR

NR

+ (100%)

NR

NR

Key outcome(s) in HBCs

Similar CCR5 expression in
HBCs from infected and
uninfected women
No significant difference in
HBCs MIF expression
between PM+ and PM-
placentas
Hyperplasia of HBCs and
decrease in M2 percentage
associated with low-birth
weight in first pregnancies
Identification of IgE positive
HBCs
Hyperplasia of HBCs was
observed in Treponema
pallidum infected placentas
Mainly trophoblast rather
than HBC infection was
identified
Differences in HBC biology
among healthy individuals
and CA patients

Reference

Tkachuk et al. (99)

Chaisavaneeyakorn
etal. (100)

Gaw et al. (101)

Rindsjo et al. (102)

Walter et al. (103)

Satosar et al. (52)

Amara et al. (104)

NR, Not reported: CCR5, C-C chemokine receptor type 5; LB, Live birth; MIF, Migration inhibitory factor; PM, Placental malaria; PL, Pregnancy loss (stilbirth/miscarriage); E. col,
Escherichia coli: GBS, Group B Streptococcus; CA, Chorioamnionitis.





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/table1.jpg
Virus

HIV-1

ZIKV

cmv

Coxsackie
virus
HSV

Enterovirus

Parvovirus

H5N1

HBV
HPV

DENV

Chikungunya

virus
SARS-CoV-2

Samples studied by trimester (outcome)

1=t 2 3 <37w 3 >37w
3 = — =
(TOP)
23 (TOP) gestational age between 6-39w & 11
term (LB)

9 gestational age NR (NR)

48 gestational age NR (LB)

- - - 23 (LB)
_ . 2(B) 1(LB)
24; 8-20w = =
(TOP)
2 - - 40 (LB)
= — - 99 (LB)
1Py - = 2(B)
- 1 - -
(TOP)
= 1 1(PY =
(TOP)
1PH - 3(B) 19(LB) &1
Py
1(PL) - -
- 3 - -
(TOP)
= = = 3(LB)
= - - 1(B)
- = 4 (LB) =
- 1(PL) 1(PL)&3(LB) 1(PL)
- 3(PL) 1 (LB &neonatal =
death)
- 1(PL) 4@LB&1PL) 1(PL)

3 gestational age NR (NR)

- - 4 between 28-41w (PL or/and LB
& neonatal death)
- 6 cases gestational age 25-43w (LB)

1 case of infection gestational age NR (NR)

- - 2 cases between 28-41w (PL or/
and LB)
- - 23 cases between 28-41w (PL
or/and LB & neonatal death)
- - 2 cases between 28-41w (PL or/
and LB & neonatal death)
1 gestational age NR (PL)

- 1Py - -
- 1Py = =
- - - 28 (LB)
100 (54 TOP 68 (LB) 103 (LB)
+46PL)
= - 1(PY -
4Py - -
- - - 1B
- 1Py 8(LB) 10 LB)
- - - 1B
- 11 = 4(1B)
= il 1(LB) 7(L8)

HBC infection diagnosis
method

Protein & RNA
Protein
Protein

Protein & RNA

NR
RNA
Protein & RNA

NR
NR

Protein
RNA
RNA

Protein

Protein
NR

Protein
NR
NR
Protein
Protein
Protein
DNA
DNA
Protein + RNA
DNA
DNA
Protein & RNA
DNA
DNA
NR
Protein & RNA
NR
DNA

Protein
Protein

Protein & RNA

NR
Protein & RNA
Protein & RNA
Protein & RNA

Key outcome(s) in HBCs

HBC infection
detected (no.)

+ (3/3 protein) &
+ (2/3 nucleic acid)
+
(10/23 & 5/11)

+
/9
+
(NR)

NR

+
©/3)

+ (8/24 protein) &

+ (4/24 nucleic acid)

NR
NR

+(3/3)

NR

+(NR)
+(NR)
+ (NR) & + (NR)
+(1/1)
+
(NR)
+(12/23) & + (NR)
- (NR)
- (1)

NR
+(1/1)

NR
-
+ (5/5)
- (8/8)

HBC hyperplasia

%)
NR
NR
NR
NR
NR
NR
NR

NR
NR

+(100%)
+(100%)
+(100%)
+(35%)

+ (100%)
+ (100%)

- (0%)
100%)
100%)

+ +

NR
+(100%)
NR
+(100%)
NR
+(NR)
- (0%)
NR
NR
NR
+(100%)
NR
NR
NR

NR

+ (100%)
NR

+(100%)

+(5.5%)

+ (100%)
NR

- (100%)

Reference

Lewis et al. (30)
Backé et al. (31)
Martin et al. (32)
Backeé et al. (33)

Behbahani et al.
6)
Sheikh et al. (34)

Bhoopat et al.
89)

Pillay et al. (37)
Martinez et al.
@8)
de Noronha et al.
89)
Rosenberg et al.
(40)
Schwartz, (41)

de Noronha et al.
(“42)
Rabelo et al. (43)
Beaufrere et al.
(@4)

Lum et al. (45)
Santos et al. (46)
Miranda et al.
@7)
Miihlemann et al.
“48)
Schwartz et al.
(49)
Mhlemann et al.
(60)
Euscher et al.
61
Satosar et al. (52)

Euscher et al.
61)
Euscher et al.
61)
Satosar et al. (52)

Satosar et al. (52)
Satosar et al. (52)

Euscher et al.
61)

Yao et al. (53)
Gu et al. (54)
Liu et al. (55)

Ambiinl et al. (56)

Nunes et a. (57)
Saloméo et al.
©68)
Facchetti et al.
(6)
Hecht et al. (25)
Morotti et al. (59)
Verma et al. (60)
Gao et al. (61)

TOP, Termination of pregnancy; LB, Live birth; NR, Not reported; PL, Pregnancy loss (stillbirth/miscarriage); HIV-1, Human immunodeficiency virus 1; ZIKV, Zika virus; CMV,
Cytomegalovirus; HSV, Herpes simplex virus; HSN1, Influenza virus A; subtype H5N1; HBV, Hepatitis B virus; HPV, human papilloma virus; DENV, Dengue virus; SARS-CoV-2, Severe
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