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Introduction: In December 2019, a novel coronavirus, SARS-CoV-2, was identified. Whilst pregnant women appear to be at risk of severe infection, pre-term birth, and stillbirth, it is unclear whether placental dysfunction is a consistent feature of maternal SARS-CoV-2 infection during pregnancy. We aim to describe the immune response in placentas of women who had COVID-19 infection during pregnancy and investigate whether there are any associated morphological changes.

Methods: The placentas of women testing positive for COVID-19 during their pregnancy were compared to contemporaneous controls who were not known to have had COVID-19 during pregnancy. Samples of each placenta were sent for histopathological analysis or underwent immunohistochemical staining for CD163, CD20, CD3, CD31, and SARS-CoV-2 spike protein. A subset of samples were sent for transmission electron microscopy.

Results: There was a significant increase in the number of CD163+ macrophages in the Post COVID group (p = 0.0020). There was no difference in the percentage of CD3+, CD20+ cells, but there was an increase in placental vascularity in the Post COVID group compared to controls (p = 0.026).

There were no structural differences observed between the samples sent for EM analysis. However, one of the placentas from the Post COVID group was seen to have several large sub-apical vacuoles in the syncytiotrophoblast. We did not observe any virions within the vacuoles and SARS-CoV-2 spike protein staining was negative for the sample. Histopathological investigations indicated that there was no specific placental pathology caused by maternal COVID-19 infection in this cohort of samples.

Conclusions: This study did not confirm previous studies which describe a possible increase in cases of both maternal and fetal vascular malperfusion, and placentitis in women who had COVID-19, which were seen in association with adverse pregnancy outcomes. It remains unclear whether observed abnormalities are caused by maternal infection, or whether maternal infection exacerbates existing placental pathology; understanding why some placentas generate these abnormalities is a key goal.
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1. INTRODUCTION

SARS-CoV-2 was first detected in Wuhan, China, in December 2019. The resulting disease COVID-19, became a worldwide pandemic, with nearly 200 million people catching the virus which to date has claimed the lives of over four million people (1). A systematic review of international studies suggests that SARS-CoV-2 infection during pregnancy is associated with an increased risk of maternal and fetal deaths (2); data regarding spontaneous pre-term births are equivocal.

Although currently there appears to be no specific placental pathology associated with maternal SARS-CoV-2 infection (3), several cases of placentitis have been described in association with stillbirth, suggesting that placental inflammation may occur after SARS-CoV-2 infection and could be associated with fetal death. There is a paucity of research investigating the presence of macrophages, and other immune cells in the placenta following infection. Whilst macrophages form part of the innate immune system, T and B lymphocytes form the adaptive immune system which can tailor the immune response to the pathogen (4). Placental macrophages, otherwise known as Hofbauer cells, reside in the stromal core of the placental villi (5). In other infectious diseases, such as ZIKA virus, placental macrophages are thought to be a reservoir for viral replication (6).

There are conflicting data available as to whether the number of Hofbauer cells are increased following maternal SARS-CoV-2 infection. Whilst some studies have found no increase in Hofbauer cell number (7, 8), other studies report an increase (9). There are limited data regarding the effect of SARS-CoV-2 infection on T or B lymphocyte numbers, although one study reported no difference following maternal infection (8).

As there are still no conclusive data as to whether maternal SARS-CoV-2 infections leads to placental pathology, we aimed to investigate if there was an increase in the number of immune cells (macrophages, T and B lymphocytes) and an altered placental morphology in the placentas of women who had tested positive for SARS-CoV-2 during their pregnancy, or those who tested positive shortly before or at delivery, compared to healthy controls. We also performed histopathological analyses on the placentas, to identify if any pathologies were more likely to be present following maternal SARS-CoV-2 infection compared to controls.



2. MATERIALS AND METHODS

Placentas were collected from women who tested positive for COVID-19 <12 days prior to delivery or at delivery (Active COVID-19) and women who had tested positive >12 days prior to delivery (Post COVID-19). Women who to their knowledge had never had COVID-19 infection during their pregnancy and who had a negative PCR test on admission to hospital for delivery as per hospital policy were included in the control group. Women in the Active and Post COVID-19 groups had PCR tests following symptom onset, or had a positive antibody test. None of the women included in the study had severe symptoms requiring admission to hospital or enhanced care. Due to the low availability of samples, participants were included in spite of any maternal pregnancy complications or if the fetus was small or large for gestational age. Written, informed consent was given by all participants (18/NW/0451).


2.1. Immunohistochemistry

Sections of formalin fixed, paraffin-embedded placenta and umbilical cord were immunostained with the following antibodies: CD163 for macrophages (BioRad, 1mg/mL at 1:100), CD3 for T lymphocytes (Dako, 138mg/L at 1:100) CD20 for B lymphocytes (Invitrogen, concentration not determined at 1:200) or CD31 for endothelial cells (Dako, 201mg/mL at 1:50). Tissue sections were also stained with haematoxylin and eosin (H&E) to allow for structural analysis. Immunostaining for the SARS-CoV-2 spike protein (Stratech (1:1000)) was performed at the Department of Pathology, Alder Hay Hospital, Liverpool on a Dako automatic platform following their standard histopathology staining procedure. A placenta previously identified as testing positive for SARS-CoV-2 was used as a positive control sample for every staining run.

Slides were imaged using Pannoramic 250 slide scanner (3D HISTECH, Bioimaging Facility, University of Manchester). Positive staining was analyzed using QuPath (version 0.2.3) as previously described (10). Briefly, CD163 analysis was performed using the positive cell detection function in QuPath, areas of quantifiable tissue were highlighted and thresholds were set to detect positive DAB staining compared to haematoxylin staining. Identification of T and B lymphocytes was performed by selection of 10 random 1 x 1 mm regions of tissue, manually counting the number of lymphocytes and automatic detection of haematoxylin-stained nuclei. Vascularity was determined by calculating the area of CD31 positive DAB staining as a percentage of tissue area. Placental macrophages (CD163+), T (CD3+), and B (CD20+) lymphocytes were expressed as a percentage of number of nuclei. Quantification of staining was performed excluding any areas of folded or poor quality tissue and a minimum of two tissue sections per tissue per immunostain were analyzed.

Histopathological investigations were performed by a consultant perinatal pathologist (GB) who was blinded to the maternal COVID-19 status. Histopathological description and diagnosis of the placentas was made following the Amsterdam Placental Workshop Group Consensus Statement (11).



2.2. Transmission Electron Microscopy

Approximately 2 mm2 sized pieces of placental villous tissue were fixed in 4% paraformaldehyde (PFA) and 2.5% gluteraldehyde in 0.1 M HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) for 24 h. The samples were then transferred to 0.5% PFA until they were processed by the staff in the EM Core Facility in the Faculty of Biology, Medicine and Health, University of Manchester. Semi-thin sections were produced by CJPJ.

Two samples from each group were chosen for transmission electron microscopy (TEM), due to their percentage of CD163+ cells being close to the median for their group. Samples were analyzed on an FEI Tecnai12 BioTwin transmission electron microscope (TEM).



2.3. Statistics

Statistical analyses were performed in Graphpad Prism (Version 8, Jolla, CA, USA). Mann-Whitney U or Kruskal-Wallis, with Dunn's post hoc, or Fischer's exact tests were performed as appropriate. The threshold of statistical significance was set at p < 0.05.




3. RESULTS


3.1. Participant Demographics
 
3.1.1. Maternal Data

The demographic characteristics of the women included in the study were similar between the groups (Table 1). The parity of the women in the control group was significantly higher than that of the women in the Active and Post COVID groups (p = 0.03 and 0.007, respectively) than controls. In the control group, approximately two thirds of women were Caucasian, compared to 55% in the Post COVID group and 38% in the Active COVID group.


Table 1. Participant demographics for Active COVID, Post COVID, and control groups.
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Due to the poor availability of samples and comparatively low rates of COVID-19 infection in pregnant women (who were advised to shield in the lockdown periods), women were included in the study regardless of any co-morbidities. In the Active COVID group, one woman had pre-existing diabetes and chronic hypertension, two women were Rhesus negative, one having additional gestational diabetes. In the Post COVID group, one woman had hyperthyroidism and a second woman had recurrent reduced fetal movements (RFM). One woman in the control group also had recurrent RFM.

The mean gestation at maternal infection was 271 and 202 days for Active COVID and Post COVID pregnancies (p > 0.99 and p < 0.0001, respectively, compared to controls), although the exact date of a positive COVID test was only known for 18 Post COVID women. The median interval between a positive COVID-19 test result and delivery was 2.5 days (range 0–12 days) in the Active COVID group (p = 0.0011) and 76 days (range 19–211 days) in the Post COVID group (p < 0.0001).

There were some differences in the method of delivery with 50% of women being delivered by Cesarean section in the Active COVID group, compared to 55% in the Post COVID group and 81% of the control group.

When the notes of one participant in the control group were reviewed to obtain missing data, a positive COVID-19 test the day after delivery was found, with an inconclusive test on the day of delivery. Therefore, this participant was moved to the Active COVID group, and the positive test was recorded as date of delivery for the purposes of analyses.



3.1.2. Neonatal Data

A summary of neonatal data can be found in Table 1. All infants were live-born, with 50% of infants being male in the Active COVID group, compared to 60% in the Post COVID and 50% in the healthy control groups. The median gestational age at delivery of infants from the Active COVID group was 274 days, whilst in the Post COVID and normal pregnancies, median gestational age were 274 and 273 days, respectively. There was no significant difference in the median birth weight of the infants between groups (Active COVID 3240g, Post COVID 3237g, control group 3384g).

No infants were born ≤ 10th or ≥90th individualized birthweight centile (IBC) in the Active COVID group. In contrast, four infants were born ≤ 10th IBC in the Post COVID group, and five were born ≥90th, whilst two infants were born ≥90th IBC and two ≤ 10th IBC in the healthy control group. No infants in any group were born ≤ 5th IBC, and, therefore, classed as having fetal growth restriction (FGR).




3.2. Histopathology Reports

Histopathology reports were obtained for 41 placentas. A summary of results can be found in Table 2. Full results can be found in Supplementary Table 1.


Table 2. Summary of histopathology findings in placentas from Active COVID, Post COVID, and healthy control groups.
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The most common observations were excessive syncytial knots, distal villous hypoplasia and villous immaturity. Villous dysmaturity was identified in one of the Active COVID placentas, three Post COVID placentas, and two of the negative control group placentas. One placenta from the Post COVID group had inflammation and one had infarcts. One of the negative controls had sub-chorionic chronic histiocytic inter-villositis and one Active COVID placenta had a chorangiosis-like appearance. There were no significant differences in the presence of histopathological lesions in placentas from the Active of Post COVID groups compared to healthy negative controls.



3.3. Placental Histochemical Analysis
 
3.3.1. Immune Cells

Analysis of the percentage of intra-villous CD163+ Hofbauer cells found that there was a significant increase in the placentas from mothers who had tested positive for SARS-CoV-2 during their pregnancy (Post COVID) compared to controls (p = 0.002) (Figure 1A). There was no difference between the fetal sex within each group (data not shown). Representative images can be seen in Figure 1D.
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FIGURE 1. Increase in the percentage of macrophages in placentas from women who tested positive for COVID-19, but no difference in the percentage of T or B cells. (A) A significant increase in the percentage of CD163 macrophages in the Active and Post-COVID groups compared to negative controls. (B) No difference in the percentage of CD3 cells between groups. (C) No difference in the percentage of CD20 cells between groups. Representative images, magnification X20 (D) CD163, (E) CD3, (F) CD20. Kruskal-Wallis, **p < 0.009. Active COVID n = 8, Post COVID n = 20, and controls n = 16.


Analysis of the percentage of both CD3+ and CD20+ lymphocytes found that there was no difference between the placentas of women who had COVID-19 and those who had not (Figures 1B,C). There was no difference when the groups were split by fetal sex (data not shown). Representative images can be seen in Figures 1E,F.



3.3.2. Vascularity

There was a statistically significant increase in the percentage area of CD31+ endothelial cells in the placentas of the Post COVID group compared to controls (p = 0.026). There was no difference observed in the Active COVID group compared to the control group (p = 0.06) (Figure 2).


[image: Figure 2]
FIGURE 2. Vascularity of placentas from women who had COVID-19 during their pregnancy. (A) There was a significant increase in the percentage vascularity in the placentas of women in the Post COVID group compared to controls (*p = 0.026). There was no difference in placental vascularity in the Active COVID group compared to controls (p = 0.06). (B) Representative image magnification X20. Kruskal-Wallis, Active COVID n = 8, Post COVID n = 20, and controls n = 16.




3.3.3. SARS-CoV-2 Spike Protein Staining

Forty one placentas were sent for SARS-CoV-2 spike protein staining. None of the placentas stained positive for the spike protein; there was one area of staining in the syncytiotrophoblast of a placenta from the Active COVID group, but we could not be confident that this was not artefactual as there was staining of the stroma (Figures 3A,B, positive and negative controls Figures 3C,D).


[image: Figure 3]
FIGURE 3. SARS-CoV-2 spike staining in placentas (A) and (B) possible positive staining in a placenta from a participant within the active COVID group, (C) positive staining of a previously identified SARS-CoV-2 positive placenta (positive control) (D) negative SARS-CoV-2 spike protein staining in an unaffected placenta. Magnification X20.





3.4. Ultrastructural Analysis

A subset of samples were sent for ultrastructural analysis by TEM. There were no specific morphological abnormalities observed in either of the COVID-19 groups compared to controls.

In the Active COVID group, one sample had numerous dilated cisternae of the endoplasmic reticulum (Figure 4A). However, the rest of the samples looked healthy with normal basal lamina and mitochondria apart from one sample with an area of degenerate syncytium (Figure 4B) lacking normal microvilli. Another Active COVID sample had widely dilated cisternae of rough endoplasmic reticulum and some apical vacuoles with cytoplasmic contents; mitochondria were swollen and there were several cytoplasmic lamellar bodies. The basal lamina was thickened and the underlying Hofbauer cell had multiple inclusions. The capillary looked normal although the basal lamina was multi-layered, which has previous been observed in diabetes and Rhesus incompatibility and is a considered to be a sign of high cell turnover (12) (Figure 4C). Multiple ferritin particles were observed in Hofbauer cell inclusions (Figure 4D).
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FIGURE 4. Electron micrographs of placentas following maternal SARS-CoV-2 infection. Active COVID samples: (A) dilated cisternae of endoplasmic reticulum and sparce microvilli, (B) necrotic syncytium, (C) dilated syncytial endoplasmic reticulum, and swollen mitochondria, with multiple inclusions in an underlying Hofbauer cell and a multi-layered capillary basal lamina, (D) high power image of the ferritin particles within a Hofbauer cell inclusion. Post COVID samples: (E) large sub-apical vacuoles in the syncytiotrophoblast, (F) fibrotic stroma, thick basal lamina, malformed swollen villi, (G) small capillaries and (H) thickened basal lamina, swollen microvilli with possible loss of actin. Negative control samples: (I) numerous infoldings in the syncytial basal plasma membrane and thickened and cribriform basal lamina, with dispersed lamellar bodies (J) focal loss of microvilli (top right) and breakdown of the apical membrane and washed out syncytial cytoplasm (bottom left). The vasculosyncytial membrane appears relatively normal. *Indicates lamellar bodies, #indicates ferritin particles.


One placenta from the Post COVID group had several large sub-apical vacuoles in the syncytiotrophoblast (Figure 4E). The same sample had fibrotic stroma, a thick basal lamina and some malformed, swollen microvilli with another area of microvillous breakdown (Figure 4F). Another sample contained small capillaries for gestational age (Figure 4G) and alongside a thickened basal lamina, the tips of the microvilli were swollen (Figure 4H).

Almost all the samples had lamellar bodies (noted in Figures 4H,I by *), but this may be an artifact of fixation. Other observations included small capillaries in a term terminal villus in a healthy control, whilst another control had numerous infoldings/interdigitation in the syncytium basal plasma membrane and the basal lamina was thickened and cribriform (Figure 4I). The former has been observed in many pathological conditions including pre-eclampsia and maternal hypertension while basal lamina thickening is a very non-specific response and has been described in most pathologies (13). Additionally, in controls, focal sites of necrosis with a total loss of microvilli and breakdown of the apical membrane and washed out cytoplasm were occasionally found (Figure 4J).




4. DISCUSSION

Whether placental pathology is associated or not with maternal SARS-COV-2 infection is of interest to obstetricians, histopathologists, and scientists attempting to delineate the effects of SARS-CoV-2 infection on pregnancy outcome. Our study has shown a significant increase in the percentage of CD163+ macrophages in the Post COVID group compared to controls. We have previously shown an increase in intra-villous macrophages in several placental complications, including villitis of unknown etiology (VUE) (14) in the placentas of infants with a decreased growth rate, but not in those classified as FGR, which were thought to be small-for-gestational-age (SGA) (15). However, in contrast to previous studies, the observed increase in CD163+ cells in this current study is not associated with low birth weight, with no infants being classed FGR ( ≤ 3rd IBC) and only four infants ≤ 10th IBC in the Post COVID group. One of the roles of Hofbauer cells is to protect against pathogens, partly through expression of Toll-like Receptors (16). Hofbauer cell hyperplasia has been identified in 3 out of 20 SARS-CoV-2 positive placentas with an additional diagnosis of chronic histiocytic inter-villositis (CHI) (17). Hofbauer cell hyperplasia was not present in all CHI placentas, indicating that the increase was not due to CHI. The cause of the hyperplasia both in the study by Schwartz et al. and our study remain unknown. Further investigations into placental macrophage role/function following maternal SARS-CoV-2 infection are required to understand any potential adverse downstream placental changes as a result of the increase in Hofbauer cell number.

The number of macrophages may be linked to underlying pregnancy pathology as in the Active COVID group, one participant has diabetes mellitus and chronic hypertension, whilst another had gestational diabetes mellitus. In the Post COVID group, one participant had recurrent RFM, and one had hyperthyroidism. Previous research has identified an increase in the number of placental macrophages in the presence of maternal diabetes (type 1, 2 and gestational) (10). However, as the majority of participants in the Post COVID group did not have any pregnancy complications, this is not likely to been the cause of the observed macrophage increase in all placentas.


4.1. Poor Pregnancy Outcomes and Placental Pathology

There are mixed findings as to whether maternal SARS-CoV-2 infection leads to an increased risk of poor pregnancy outcomes, particularly stillbirth. Whilst there are reports of an increased risk of stillbirth (18, 19), other studies have reported no difference (20, 21). There have been reports of an increase in neonatal deaths (7, 19); however, in our study, there were no poor pregnancy outcomes, although this is partly by design as women with Active COVID and a poor pregnancy outcome (e.g., a prior fetal death) were not approached to take part in the study.

Whilst we identified an increase in both maternal and fetal vascular malperfusion in our systematic review of studies reported between December 2019 and July 2020 (3), Girolamo et al., reported similar findings (22), and placental hypoperfusion and inflammation were identified in a more recent systematic review and meta-analysis. Other research has identified no associated placental pathology following third trimester infection, at either the macro- or microscopic level (23), or statistically significant increases in features, such as fibrin deposition (7). Our histopathology reports identified excessive syncytial knots, distal villous hypoplasia and villous immaturity in all study groups and there did not appear to be a preponderance of these features in women with SARS-CoV-2 infection. Whilst there may be a placental pathology in pregnancies with a poor pregnancy outcomes, or declining fetal health in utero indicated by RFM (24–26), there does not appear to be any specific pathology in placentas from women with normal pregnancy outcomes, having mild symptoms and not requiring enhanced care in ICU. Although there was an increase in placental macrophages, this was not accompanied by an increase in other immune cells that are responsible for resolving viral infections, namely T and B lymphocytes (27). The syncytiotrophoblast acts as a placental barrier and prevents viruses passing from the maternal blood into the fetal circulation. Staining of placentas with the SARS-CoV-2 spike protein revealed that none of the samples evaluated here tested positive. As a result, an increase in immune cells would not be expected if there has not been a break in the syncytiotrophoblast.

Analysis of the placenta from the participants who tested positive for SARS-CoV-2 the day after delivery showed a low number of placental macrophages compared to the other placentas in the group (average of 2.97% across the three placental sections compared to between 8.67 and 22.98% for the remainder of the samples in the group). The most likely explanation for this difference is that the woman was possibly asymptomatic and was earlier in the course of COVID-19 infection, thereby reducing inflammation and consequent stress on the placenta.

There was a significant increase in vascularity between the Post COVID group compared to healthy controls. The high proportion of cases with fetal vascular malperfusion reported in the literature would have reduced the number of fetal vessels, whereas there was an increase in the Post COVID group and a trend toward an increase in the Active COVID group. It is likely that this observation in the Active COVID group may be affected by confounding factors, as the Active COVID group contained one infant who was large-for-gestational-age (LGA), two women with maternal diabetes (one with gestational diabetes) and one SGA infant. As the interval between a positive maternal COVID-19 test and delivery was between 2 and 12 days, it would be unlikely that there would be sufficient time for additional capillaries to develop in the placenta, in response to maternal SARS-CoV-2 infection, despite angiogenesis continuing until term (28), however, an increase in vascularisation has previously been observed in pregnancies with diabetes mellitus (10). The increase in vascularity in the Post COVID group is less likely to be affected by confounding factors as only two women had additional pregnancy pathologies; one women had RFM during her pregnancy and another had hyperthyroidism. However, this may be a chance finding, as there was no statistically significant difference in the histopathological findings.

The placentas analyzed in our study were collected between May 2020 and May 2021. During this period, women in the UK were recommended to shield as they were classed as being clinically vulnerable and SARS-CoV-2 vaccinations for pregnant women were not approved by the Joint Committee on Vaccination and Immunization (JCVI) until April 2021 (29). Maternal vaccination has been found to reduce severity of SARS-CoV-2 infection (30), and should be encouraged. Whilst our cohort of women did not have severe symptoms of COVID-19, despite being unvaccinated, the lack of any associated placental pathology and the minimal changes observed in the number of placental immune cells indicates that mild maternal COVID-19 infection is unlikely to cause harm to the developing fetus. This study demonstrates that in general, women who have mild symptoms are unlikely to have a poor pregnancy outcome, although why some women do go onto have a poor outcome remains unclear.

None of the placentas sent for SARS-CoV-2 spike protein staining showed definitive positive immunostaining, indicating that in most cases SARS-CoV-2 does not enter the placenta itself, unlike other viral infections which manage to cross the syncytium including ZIKV (causing Zika virus disease). The mechanism of cellular entry for SARS-CoV-2 is thought to be mediated by TMPRSS2 and ACE2 receptor, with minimal co-expression found in the placenta and chorioamniotic membranes (31). Another study reported strong staining using immunohistochemistry for ACE2 in the placenta, particularly in the syncytiotrophoblast, but there was minimal staining of TMPRSS2 and any identifiable weak staining was on the endothelium of the villous capillaries (9). ZIKV does infect Hofbauer cells (32) and can replicate inside them (6). Hofbauer cells, however, have been shown not to express ACE2 (9) and, therefore, it would be unlikely for SARS-CoV-2 to replicate similarly to ZIKV, even if there is a break in the syncytiotrophoblast to allow viral entry to the villous core.

There are multiple antibodies that can be used to identify positive SARS-CoV-2 staining in the placenta. We chose to use an antibody against the SARS-CoV-2 spike protein (clone 1A9) which has also been used by (33–35). However, alternative clones are available, such as 007 used by Facchetti et al. (36). Alternatively, antibodies for the SARS-CoV-2 nucleocapsid protein can also be used, such as those used by Debelenko et al. (35), Facchetti et al. (36), and Morotti et al. (37). Positive staining of the placenta has been identified using antibodies against the SARS-CoV-2 spike protein and the nucleocapsid.



4.2. Strengths and Limitations

The inclusion of women who had active COVID-19 infection at the time of delivery is a strength of this study, as it allows for any acute impact of maternal infection to be observed. We also collected contemporaneous healthy controls which is important as this provides controls for confounding issues such as the background stress of having a pregnancy during a pandemic (38), alongside other pregnancy complications such as diabetes mellitus. Ultrastructural analyses of a subset of placentas was also conducted. Whilst we were not able to identify any specific disease phenotype, one Post COVID placenta had a breakdown of the microvilli and another had several large sub-apical vacuoles in the syncytiotrophoblast which could be similar to the virion containing membrane-bound cisternal spaces described by Sisman et al. (39); however, no virion-like particles were seen within. None of the placentas had any obvious pathology.

We were able to include women in the Post COVID group of this study who had COVID-19 infection during their second or third trimester of pregnancy. Including these women along with women who tested positive in the third trimester, allowed for us to investigate whether maternal infection earlier in pregnancy resulted in morphological changes in the placentas, as this may be the point in gestation in which any insult to the placenta will have the largest effect. However, we did not see any specific pathology in the placentas of the women who had SARS-CoV-2 infection in the second or third trimester, possibly due to reduced severity of disease symptoms.

One of the limitations of this study is the uncertainty about whether the mothers in the control group had COVID-19 during their pregnancy, as antibody testing has not been implemented in the UK. In a recent survey of UK households, from December 2020 to July 2021, between 39 and 50% of people testing positive for COVID-19 were asymptomatic (40), therefore, there is the possibility that some of the women may have had asymptomatic COVID-19 during their pregnancy. Finally, no women included in the study has severe maternal disease, i.e., were not admitted to an intensive care unit due to COVID-19 infection, and there were no adverse outcomes such as stillbirth. Inclusions of cases with the most severe symptoms and signs may best allow for the correlation between maternal infection and placental dysfunction to be determined, as these infections may have had more of an impact on the placenta, for example as a result of severe maternal hypoxia.



4.3. Conclusions

In our cohort of women, with otherwise healthy pregnancy outcomes, there was no specific placental pathology associated with maternal SARS-CoV-2 infection during pregnancy. The observed increase in the number of placental macrophages warrants further investigation to see if these cells are responding to any possible maternal hypoxia affecting the placenta (which increases cytokine release from placental tissue). Analysis of cytokines in both maternal and cord blood, and placental samples would provide information as to the inflammatory status following maternal SARS-CoV-2 infection. Further analysis of placental samples, such as the examination of any differences in cell proliferation and apoptosis, would allow for any subtle changes to be found. Placentitis may be a phenotype only observed in pregnancies with a poor pregnancy outcome, but it does not appear to be present following mild maternal SARS-CoV-2 infection.
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