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Abstract 

The outbreak of COVID-19 in 2019 affected the world globally with a particularly detrimental 

impact on the healthcare sector. It has now passed; however, the long-term consequences of 

the infection are yet to be fully elucidated. Inflammation, which is of great concern, has been 

linked to COVID-19 infections, commonly referred to as the ‘cytokine storm.’ This storm poses 

a significant risk to mothers and neonates due to its association with gestational complications, 

along with its role in predisposing infants to disorders. These alterations due to COVID-19, 

together with its hypoxic nature, have further resulted in concerns for proper placental 

functioning in these pregnancies, which are yet to be investigated in the Black South African 

cohort. Thus, for the first time, the present study focuses on the cytokine profile, placental 

function and morphology in South African pregnancies.  

These concerns prompted the evaluation of the cytokine profile in the plasma and extracellular 

vesicles (EVs) of women with these pregnancies, along with assessing the kisspeptin 

expression and morphology in the placentae from these pregnancies. An altered cytokine 

profile was identified, suggestive of hyperinflammation in the plasma and EVs from COVID-

19 pregnancies in the South African cohort. Further histopathological analysis revealed that the 

placentae from these pregnancies presented with severe signs of inflammation and 

malperfusion, which were considered to be linked to the altered kisspeptin expression we 

observed in these placentae, thereby suggesting altered placental functioning in COVID-19 

pregnancies from the South African cohort.  

It is clinically evident that pregnant women of South Africa, who already face challenges due 

to an increased risk of HIV and other gestational complications, were severely negatively  

impacted during this pandemic. These findings reveal an increased prevalence of complications 

like preeclampsia, preterm birth, intrauterine growth restriction (IUGR), and stillbirth during 

pregnancy. In addition to a host of complications in foetal development, these alterations could 

predispose these neonates to anomalies. Importantly, this study has identified that the cytokine 

profile was altered in COVID-19 pregnancies. This alteration could possibly have had an 

impact on the kisspeptin signalling, which would then affect optimal placental functioning, 

thus suggesting a probable cause for the severe dysfunction observed in the placentae. In 

addition, this environment did not support ideal foetal development and growth.  



 xviii 

Therefore, it is believed that the findings from this study warrant monitoring and evaluation of 

neonates from COVID-19 pregnancies, especially from mothers in the South African cohort, 

as anomalies or neurodevelopmental disorders can arise due to these alterations observed. 
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1.0 CHAPTER ONE 

1.1 Introduction 

The novel Severe Acute Respiratory Syndrome Coronavirus 2 (SARS‑CoV‑2) identified in 

Wuhan, China (2019) impacted every aspect of life, especially globalization, health care, and 

travel, thereby changing the course of history (Shrestha et al., 2020, Yuki et al., 2020). As a 

result, a worldwide pandemic ensued, resulting in an increased death toll, which peaked at 6.9 

million in October 2023 (Yuki et al., 2020, WHO, 2023). SARS-CoV-2 was discovered to be 

transmitted by respiratory droplets that entered the body by attaching themselves to the 

angiotensin-converting enzyme 2 (Kumar et al., 2021a, Kumar et al., 2021b, Jackson et al., 

2022). Consequently, resulting in a cascade of reactions including dysregulation of the immune 

system (Kumar et al., 2021a, Kumar et al., 2021b, Jackson et al., 2022). 

According to reports, this virus takes five days to incubate (range: two to fourteen days), 

causing symptoms such as headaches, fever, diarrhoea, myalgia, and coughing (Rasmussen et 

al., 2020). Based on the severity of infection severe respiratory illness and death could occur 

(Rasmussen et al., 2020). The accelerated global spread and lack of a robust therapeutic 

strategy during the pandemic prompted global lockdowns and measures such as social 

distancing (Dashraath et al., 2020, Yuki et al., 2020). While investigations have concentrated 

on the disease within diverse groups, it holds particular relevance in the field of reproductive 

health, where the repercussions may continue to materialize in the developing foetus, 

postnatally. 

Specifically, pregnant women's immunological, pulmonary, cardiovascular, and 

haematological systems are significantly impacted by the mechanical and physiological 

changes that take place during pregnancy (Dashraath et al., 2020, Wastnedge et al., 2021, 

Simbar et al., 2023). This affects their susceptibility to infections, making expectant mothers 

and their developing foetuses a high-risk population during this pandemic (Dashraath et al., 

2020, Wastnedge et al., 2021, Simbar et al., 2023). In addition, they are more susceptible to 

respiratory pathogens with a low tolerance for inflammation, which has been linked to several 

gestational conditions such as pregnancy loss, premature birth, and death (Vesce, 2021). Hence, 

this resulted in significant concerns for expectant mothers throughout the pandemic due to the 

‘infective-inflammatory’ nature of the coronavirus disease (COVID-19) (Cavezzi et al., 2020, 

Fajgenbaum and June, 2020, Rahman et al., 2021).  
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Such an environment, of hyperinflammation is known for altering placental homeostasis, 

raising concerns about placental sufficiency in COVID-19 pregnancies (Shanes et al., 2020, 

Fatih et al., 2022). This excessive inflammation resulted in the ‘cytokine storm’, which has 

been further linked to placentitis, thrombosis, and other adverse outcomes (Corn et al., 2023, 

Holland et al., 2023). Kisspeptin (KISS) is critical in decidualisation and implantation; 

however, no extensive research has yet been conducted on how this regulator may be affected 

by COVID-19 or by inflammation as a result of this virus (Rosario et al., 2008, Tsoutsouki et 

al., 2022). Assessing this in pregnancy is essential as any alterations could affect placental 

functioning and foetal health, thereby posing very high risks. This study aim to shed light on 

these risks. 

1.1.1 Purpose of the study 

Studies have investigated how COVID-19 has impacted pregnancies with alarming evidence 

of thrombotic, inflammatory, and vascular alterations (Prochaska et al., 2020, Wastnedge et 

al., 2021). It is apparent that placentae from COVID-19 positive pregnancies exhibit signs of 

inflammation and malperfusion (Baergen and Heller, 2020, Hecht et al., 2020, Shanes et al., 

2020). However, the mechanism through which COVID-19 results in these alterations has not 

yet been elucidated. Thus, attention has been drawn towards the cytokine storm in pregnant 

women, as evidence suggested that COVID-19 results in an exaggerated immune response. 

Importantly, Wang et al. (2020) noted there was a gap in the literature regarding this response 

in pregnant women, especially in terms of the role that EVs play in these pregnancies. EVs 

have been reported to be secreted in cases of poor placentation and to promote an inflammatory 

state. However, this is yet to be explored in COVID-19 pregnancies (Matsubara et al., 2021). 

Importantly, the placental development and functioning in these pregnancies have not been 

fully assessed, and should be investigated to establish potential mechanisms. 

Furthermore, in South Africa, pregnant women have been found to be the most vulnerable in 

this pandemic due to the lack of access to proper healthcare facilities, increased pregnancy 

complications, and other social disparities that exist in the developing world (Lone and Ahmad, 

2020b, Stratton et al., 2021). This cohort is yet to be studied to determine the effects that 

COVID-19 could have had on these vulnerable mothers and their neonates. This is essential 

for their future health and well-being. Hence, a global effort is considered essential in 

determining the consequences of COVID-19 infection during pregnancy on the cytokine 

profile, placental functioning, maternal health, and foetal development (Wastnedge et al., 

2021). 
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Consequently, this study aims to investigate how COVID-19 has impacted South African 

pregnant women by analysing the cytokine profile in the plasma and EVs of these women. This 

was done together with assessing the expression of kisspeptin as a marker of proper placental 

development and thereafter assessing the morphology of these placentas to determine 

functionality. Thus, this research can be utilised to begin to establish any adverse maternal or 

foetal outcomes that may occur as a result of COVID-19, to ensure monitoring of the future 

health of women and infants from COVID-19-positive pregnancies post-pandemic.  

1.1.2 Broad Aims  

The aims of this study were as follows: 

AIM 1: To critically review the literature pertaining to placental morphological alterations 
(Chapter 2).  

AIM 2: To investigate how COVID-19 impacts EVs and the pro-inflammatory cytokine 
profile in the plasma and EVs of South African pregnancies (Chapter 3). 

AIM 3: To assess placental morphology and histopathological changes in COVID-19 
pregnancies of South African women (Chapter 4).  

1.1.3 Specific Objectives 

The objectives of this study were as follows: 

¨ To investigate how COVID-19 impacts the placenta, its morphology, and functional 

ability.  

¨ To assess how COVID-19, other pregnancy complications, and therapeutics are related. 

¨ To isolate EVs from plasma using the Invitrogen™ Total Exosome Isolation Kit.  

¨ To characterize these EVs using Nanoparticle tracking analysis and Transmission 

electron microscopy. 

¨ To measure the plasma and EVs levels of IFN gamma, IL-6, MIP-1 alpha and TNF 

alpha in COVID-19 positive and negative pregnancies.  

¨ To fix and stain central and peripheral pieces of placental tissue, using Haematoxylin 

and Eosin (H&E) and Masson’s Trichrome (MT) staining for identification of any 

morphological alterations.  

¨ To use immunohistochemistry to evaluate the expression of kisspeptin in this placental 

tissue from COVID-19-positive and COVID-19-negative pregnancies. 
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¨ To morphometrically analyse this kisspeptin expression using colour deconvolution on 

Fiji ImageJ software.  

The outcomes from this study are novel and will contribute to further knowledge on the 

pathophysiology of pregnancy-related COVID-19 infection in the Black South African 

population, which may assist in understanding and treating pregnancy during future viral 

pandemics. 

1.2 Literature review 

1.2.1 SARS-CoV-2 pandemic 

December 2019 proved to be a pivotal point in history with the discovery of COVID-19, which 

originated in Wuhan, in China’s Huanan Seafood Wholesale Market (Ciotti et al., 2020). This 

highly contagious virus resulted in a worldwide crisis emerging through rapid global 

transmission, resulting in millions of deaths (Ciotti et al., 2020, Lone and Ahmad, 2020a, 

WHO, 2023). This single-stranded RNA virus, responsible for dire consequences worldwide 

through transmission via aerosols and respiratory droplets, was officially identified as SARS-

CoV-2 in January 2020 (He et al., 2020, Parasher, 2020). On 11th March 2020, the World 

Health Organisation (WHO) declared a worldwide pandemic due to this viral outbreak, with 

2.1 million cases being confirmed in just one month (Lone and Ahmad, 2020a). As a result, 

turmoil in the health sector ensued with a great need for precautionary measures such as 

national lockdowns and quarantines to be implemented (Lone and Ahmad, 2020a). Bats, hosts 

of SARS-CoV-like and MERS-CoV-like viruses from the Coronaviridae family, have been 

implicated in the development of SARS-CoV-2 (Lone and Ahmad, 2020a, Pollard et al., 2020). 

Unfortunately, no one was immune to this virus, with SARS-CoV-2 possessing the ability to 

transfer not only from surfaces but even across the placenta (Singhal, 2020, Vivanti et al., 

2020). Posing notable risk to vulnerable populations including pregnant women and their 

unborn foetuses. It became critical for scientists to investigate and acquire more knowledge 

about this virus (Singhal, 2020, Vivanti et al., 2020). The respiratory system had to endure the 

greatest impact from this virus as it could result in pneumonia to hypoxia, as depicted in Figure 

1, with Acute Respiratory Distress Syndrome (ARDS) and even dyspnoea (He et al., 2020, 

Yuki et al., 2020). Therefore, mechanical ventilation was a critical requirement as severe cases 

could even experience respiratory failure and septic shock whilst milder symptoms included 

coughs, fevers and diarrhoea (He et al., 2020, Yuki et al., 2020). 
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The S protein binds to the ACE-2 receptor, which enables viral entry.  Thereafter, fusion of the 

membranes, viral replication, and transcription occurs. As a result, proteins are manufactured 

and assembled along with new viral RNA genome in the Golgi and ER. This is followed by the 

release of additional virions and budding into the ERGIC lumen. ACE-2, angiotensin-

converting enzyme 2; ER, endoplasmic reticulum; ERGIC, endoplasmic reticulum-Golgi 

intermediate compartment.[Adopted from: (He et al., 2020); CC BY 4.0-

https://creativecommons.org/licenses/by/4.0/] 

Coronaviruses are made up of four structural proteins, viz. the membrane (M), envelope (E), 

nucleocapsid (N), and spike (S) proteins (Parasher, 2020). The virus' S protein attaches itself 

to the ACE-2 receptor on the host cell, thereafter, undergoing conformational alteration to 

generate 2 subunits via proteolysis through the TMPRSS2 (Das, 2020). The subunits S1 and 

S2 that are the products of this cleavage are then respectively responsible for receptor binding 

and membrane fusion to the host cell (He et al., 2020, Parasher, 2020, Jackson et al., 2022).  

The ACE-2 receptor is utilised in humans to release its viral content (He et al., 2020, Parasher, 

2020, Jackson et al., 2022). This could then manifest clinically as both symptomatic and even 

asymptomatic, thereby posing a greater risk (He et al., 2020, Parasher, 2020, Jackson et al., 

2022). The distinctive furin cleavage site that exists between these subunits, along with the 

D614G mutation present in SARS-CoV-2, is considered to be unique and possibly intensifies 

transmission (Harrison et al., 2020). After virion attachment and fusion, which is facilitated by 

this cleavage, the SARS-CoV-2 RNA takes over the host cell to induce polypeptide chain 

synthesis and replication of the viral genome (Kumar and Al Khodor, 2020). These steps are 

necessary to form the replication-transcription complex (RTC), which is required to 

manufacture proteins (nucleocapsid and envelope) and sub-genomic RNA (Kumar and Al 

Khodor, 2020). This envelope is then critical in the release and pathogenesis of the virus 

(Schoeman and Fielding, 2019).  

1.2.3.2 Viral Replication and Spread 

Once the lipid bilayer of SARS-CoV2 is disintegrated by the host cell’s lysosomal enzymes, 

the virus then translates mRNA into polyproteins using the host cell's ribosomes (Hussain et 

al., 2020, Kumar et al., 2021b). The viral load in host cells is elevated via these polyproteins 

which also utilise proteinases to form structural components (nucleocapsid, spike proteins, etc.) 

(Guo et al., 2020b, Hussain et al., 2020, Kumar et al., 2021b). Consequently, a SARS-CoV2 

viral molecule is formed together with the replicated ssRNA, which bud off the pneumocytes 
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Figure 3: Clinical outcomes and the cytokine release syndrome in the pathophysiology of 

COVID-19. 

Several pro-inflammatory cytokines including IL-6, 1L-1β, IL-17 and TNF-α are involved in 

the onset of cytokine release syndrome. Cells including neutrophils, macrophages, T-

lymphocytes and epithelial cells secrete these cytokines, thereby exacerbating SARS-CoV-2 

infection. This excessive release of cytokines results in dire consequences including cellular 

damage, lymphopenia, lung injuries and an altered microbiota.[Adopted from: (Darif et al., 

2021); Copyright obtained from RightsLink (Appendix 6.9)] 

IL-6 has been associated with regulating the immune system, inflammation, and 

haematopoiesis, and is considered to be the eye of the storm with great relevance in COVID-

19 due to its direct correlation with COVID-19 severity (Chen et al., 2020b, Fara et al., 2020, 

Herold et al., 2020, Darif et al., 2021). Another key player in CRS is TNF-α, which also 

stimulates the production of other cytokines including IL-6 and has been associated with severe 

COVID-19 cases in several studies (Chen et al., 2020a, Huang et al., 2020, Qin et al., 2020, 

Darif et al., 2021). Studies suggest that the S protein of the SARS-CoV-2 virus is responsible 

for increasing activity in the NF-κβ pathway which has been further associated with the release 

of cytokines including including TNF-α and IL-6 (Wang et al., 2007, Ma et al., 2020). Viral 

infections are also known to result in the release of macrophages which produce Type II 

interferon (IFN-γ) (Fara et al., 2020). These alterations are considered to be a reliable measure 

of the severity and development of COVID-19 (Fara et al., 2020). Chemokines are critical 

during immune responses as they are inflammatory mediators. However, when produced in 

excess they also participate to the cytokine storm as seen in COVID-19, where MIP-1α was 

associated with case severity as well as ICU admissions during the pandemic (Khalil et al., 

2021, Hamza et al., 2022). MIP-1α is produced by interferon, released by dendritic cells (DCs), 

which are triggered by viruses (Khalil et al., 2021). This subsequently results in the recruitment 

of Natural Killer (NK) cells which in turn triggers the production of other cytokines (Khalil et 

al., 2021). These NK cells, along with neutrophils, DCs, and macrophages, are also involved 

in a controlled immune response during pregnancy to assist with implantation amongst many 

other adaptations to ensure a safe pregnancy (Obuchowska et al., 2021). An 

immunosuppressive state results in pregnant women becoming more vulnerable to pathogens 

(Obuchowska et al., 2021).  
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1.2.4.1 Inflammation in pregnancy 

Similar to COVID-19, pregnancy's first and third trimesters are pro-inflammatory, increasing 

the likelihood that the virus would further trigger an abnormal hyperinflammatory response in 

the mother that could put her and the foetus at risk (Wegmann et al., 1993, Phoswa and Khaliq, 

2020). Inflammation has been the principal cause of pregnancy loss, abortions, premature 

delivery and consequently is the leading factor in cerebral and pulmonary foetal syndromes 

(Vesce et al., 2022). As a result, studies have monitored pregnant COVID-19-infected women 

who presented with significantly increased cytokine levels, risk of preeclampsia and pregnancy 

complication rates (Fenizia et al., 2020, Tanacan et al., 2021, Rosen et al., 2022, Forrest et al., 

2023). In addition, the role of Extracellular vesicles (EVs) in inflammatory responses has been 

explored in recent years as these vesicles are considered to be mediators in inflammation and 

even contribute to inflammatory disease development (Chan et al., 2019). However, their role 

in COVID-19 is yet to be fully elucidated.  

1.2.4.2 Extracellular vesicles in inflammation 

EVs are a broad category of entities surrounded by membranes that are secreted by cells to aid 

in vital physiological functions including maternal-foetal communication (Chan et al., 2019, 

Ghafourian et al., 2022, Buzas, 2023). EVs are further classified according to their size and 

biogenesis, as large EV’s (≥1,000 nm) such as apoptotic bodies, medium EV’s (~200–800 nm) 

including microvesicles and exosomes which are classified as small EV’s with a size ranging 

from ~50–150 nm (Buzas, 2023). EVs are responsible for carrying cargo including lipids, 

proteins and RNAs, which thereby exacerbates their risk of being utilised by viruses and 

bacteria in the transmission of virulence factors (Figure 4) (Console et al., 2019, Herrmann et 

al., 2021).  
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In addition, these EVs are of great relevance in pregnancies as they are involved in implantation 

and angiogenesis with further links to gestational complications such as foetal growth 

restriction, preterm birth, diabetes, and hypertension (Ghafourian et al., 2022). MiRNAs found 

in trophoblast cells are abundant in EVs, and their expression is responsive to changes in the 

ideal placental environment, such as hypoxia and inflammation (Yang et al., 2019). Oxygen 

tension has been documented to alter the cargo contained in EVs that originate from 

extravillous trophoblasts (EVTs), which controls inflammation (Rosenfeld, 2024). Studies 

have shown that EVs in such conditions undergo alterations, can promote inflammatory 

conditions through secretion of cytokines and have now been linked to serious adverse 

pregnancy outcomes (Atay et al., 2011, Donker et al., 2012, Sheller-Miller et al., 2019, Mitchell 

et al., 2024). Therefore, assessing inflammation and its impact on EVs in COVID-19 

pregnancies will provide significant understanding on adverse pregnancy complications and 

outcomes as a result of infection.  

1.2.5 COVID-19 in pregnancy 

1.2.5.1 Effects of COVID-19 on expectant mothers and their neonates 

In recent years, the COVID-19 pandemic has had a significant influence on the health of 

expectant mothers and their developing foetuses. Comorbid pregnant women, such as those 

with HIV, high blood pressure, and diabetes mellitus, have also been reported to exhibit a 

significantly increased probability of developing severe COVID-19 (Smith et al., 2023, Wali 

et al., 2024). Contracting SARS-CoV-2 during pregnancy posed further challenges as it was 

found to elevate the risk of adverse gestational complications such as preterm birth, caesarean 

delivery, acute respiratory distress syndrome, preeclampsia, stillbirth, sepsis, adverse 

renal/cardiac outcomes, placental abruption, death and vertical transmission (Khalil et al., 

2020, Ko et al., 2021, Fallach et al., 2022, Marchand et al., 2022, Seif et al., 2023, Wali et al., 

2024). Unfortunately, the newborns from these pregnancies also faced challenges as a result of 

COVID-19 infection, by exhibiting a higher risk of respiratory distress syndrome, impaired 

intrauterine growth, low birth weight, neonatal sepsis, pneumonia, death and transmission of 

COVID-19 (Fenizia et al., 2020, Khan et al., 2020, Marchand et al., 2022, Seif et al., 2023, 

Celik et al., 2024). These findings are of foremost importance as the conditions under which 

foetal growth is required to occur are compromised as a result of inflammation, hypoxia, and 

placental insufficiency due to COVID-19 (Brum and Vain, 2023). This poses a great threat to 

proper neurodevelopment as depicted in Figure 5 below.  
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significance (Gupta and Pushkala, 2021). Furthermore, the entry receptor for this virus is ACE-

2, which is also present in the placenta validating the potential that SARS-CoV-2 could enter 

the feto-maternal circulation (Vivanti et al., 2020, Saadaoui et al., 2021, Motwani et al., 2022). 

As a result this poses a significant risk to pregnant mothers and foetus (Vivanti et al., 2020, 

Saadaoui et al., 2021, Motwani et al., 2022). 

1.2.5.2 The role of the placenta in pregnancy 

The embryo depends on the placenta for survival. This is critical in embryonic development as 

it serves as communication with the mother, protects and sustains the foetus during the 

intrauterine period (Cross et al., 1994, Burton and Jauniaux, 2015). During foetal development, 

the placenta is essential in supplying nutrients and oxygen whilst eliminating waste products 

and carbon dioxide from the foetus (Gude et al., 2004, Burton and Jauniaux, 2015). 

Furthermore, it is known to produce essential pregnancy hormones which regulate and maintain 

processes including implantation, development of the foetus, angiogenesis and immune 

tolerance, as well as protecting the foetus from illnesses in the mother, infections, and 

xenobiotics (Gude et al., 2004, Costa, 2016). Since its primary function is to ensure a healthy 

pregnancy, research into the effects of infection on the placenta is crucial, particularly since 

the organ's blood flow accounts for a significant portion of cardiac output (Mourad et al., 2021). 

1.2.5.3 Placental Structure  

The placenta, a 15-22 cm disc-shaped organ weighing approximately 500g, is composed of 

primary structures, termed chorionic villi, with two surfaces viz. the basal plate is located close 

to the maternal endometrium, and the chorionic plate contacts the foetus (Griffiths and 

Campbell, 2014, Burton and Fowden, 2015). Briefly, the endometrium transforms in early 

pregnancy to form the maternal part of the placenta, the decidua, while the chorionic villi 

receive oxygen in the intervillous space from the spiral arteries which originate from the radial 

artery. This is illustrated in Figure 6 (Griffiths and Campbell, 2014, Burton and Jauniaux, 2015, 

Slator et al., 2018). These spiral arteries undergo remodelling, whereby the decidua is invaded 

by trophoblast cells to permit the mother's blood to enter the intervillous area; hence, the lining, 

the endothelium, and the size of the spiral arteries are altered to allow for this flow of blood, 

which is crucial for proper oxygenation of the foetus (Burton et al., 2009, Jensen and 

Chernyavsky, 2019). 
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1.2.5.4 The effect of SARS-CoV-2 on the placental morphology 

The repercussions of COVID-19 on the morphology and functioning of the placenta have been 

severe. In the previous years, a substantial body of evidence has been established (Hosier et 

al., 2020, Prochaska et al., 2020, Wastnedge et al., 2021). Consequently supporting the fact 

that COVID-19 results in altered functioning of the placenta with signs of thrombo-embolic 

complications, vascular and inflammatory alterations (Hosier et al., 2020, Prochaska et al., 

2020, Wastnedge et al., 2021). A multitude of studies have reported that placentae from 

COVID-19 pregnancies, presenting with altered vascular functioning through the presence of 

malperfusion, thrombosis, infarction, changes in fibrin deposition and the villi (Algarroba et 

al., 2020, Vivanti et al., 2020, Ikhtiyarova et al., 2021, Patberg et al., 2021, Ramphal et al., 

2022, Garg et al., 2023, Kummer et al., 2024, Ryan et al., 2024). Further signs of inflammation 

such as villitis, villous edema and placentitis have also been observed in COVID-19 

pregnancies (Shanes et al., 2020, Patberg et al., 2021, Kato et al., 2022, Schwartz et al., 2022, 

Garg et al., 2023, Kummer et al., 2024, Ryan et al., 2024). These COVID-19-related changes 

to the placental morphology have been elucidated in detail in the form of a review which forms 

part of Manuscript One in this thesis (Heeralall et al., 2023). Malperfusion and other changes 

in uteroplacental circulation were associated with shock and hypoxia, with hypoxic conditions 

noted as a feature of inflammatory sites (Jahani et al., 2020, Jang et al., 2021). The ample 

presence of alterations observed in the placental morphology from COVID-19 pregnancies 

indicates that sufficient placentation did not occur, thus making this a critical focal point for 

research on COVID-19 pregnancies. Therefore, it is essential that further investigations are 

needed on placental dysfunction as presented in these COVID-19 pregnancies. Trophoblast 

invasion is a key starting point, as shallow trophoblast invasion results in placental deficiencies 

already previously reported  (O’Tierney-Ginn and Lash, 2014, Harmon et al., 2016). 

Kisspeptins are essential in this regard as they have been documented to inhibit and regulate 

trophoblast invasion but are yet to be elucidated in COVID-19 pregnancies (Hiden et al., 2007, 

Francis et al., 2014). 

1.2.5.5 Placental development and functioning 

Optimal placental function is critical, with proper placentation playing a pivotal role in 

ensuring that a pregnancy is successful, as gestational disorders, miscarriages, and unsuccessful 

implantation have all been linked to improper placentation (Fisher, 2015, Boss et al., 2018, 

Herrick and Bordoni, 2019, Ortega et al., 2022). Upon fertilization, a blastocyst is formed, 

which then differentiates into the trophectoderm (placenta) and inner cell mass (embryo) that 
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attaches to the endometrium. This is known as implantation and consequently initiates 

placentation (Kim and Kim, 2017, Ortega et al., 2022). Placental development and the 

maintenance of a full-term pregnancy depends on trophoblast migration, proliferation, and 

invasion into the maternal decidua and myometrium in the early phases of pregnancy (Reynolds 

and Redmer, 2001, Boss et al., 2018). This is vital for the correct formation of the placenta to 

ensure adequate development of the morphology and network of blood vessels that are 

responsible for supplying the foetus (Reynolds and Redmer, 2001, Boss et al., 2018). The 

cytotrophoblasts originating from the chorionic villi are responsible for the invasion of the 

uterus into the myometrium (Fisher, 2015, Staud and Karahoda, 2018). The myometrium 

thereafter further invades and remodels the spiral arteries in healthy pregnancies (Fisher, 2015, 

Staud and Karahoda, 2018). Proper placental development is necessary for the ideal uterine 

environment to be established so that the foetal and maternal metabolic needs can be met 

(Reynolds and Redmer, 2001, Fisher, 2015, Lawless et al., 2023). However, in cases such as 

preeclampsia, abnormal placental development occurs whereby there is shallow 

cytotrophoblast invasion, which consequently results in a maternal inflammatory response 

(Reynolds and Redmer, 2001, Fisher, 2015, Lawless et al., 2023). Kisspeptin (Metastin) has 

been shown to be crucial for placental growth and functioning due to its function in cell 

migration (Vodneva et al., 2014, Hu et al., 2019b, Ibanoglu et al., 2022, Tsoutsouki et al., 

2022).As a result it influencing trophoblast invasion; therefore, alterations in this peptide have 

also been linked to unfavourable pregnancy outcomes, such as preeclampsia, miscarriage, and 

preterm birth (Vodneva et al., 2014, Hu et al., 2019b, Ibanoglu et al., 2022, Tsoutsouki et al., 

2022). Studies have reported these alterations in kisspeptin to be an indicator of placental 

dysfunction due to its role in inhibiting placental invasion (Bilban et al., 2004, Vodneva et al., 

2014, Matjila et al., 2016, Al-Kaabi et al., 2020, Ibanoglu et al., 2022). However, there remains 

a huge gap regarding kisspeptin, placental development and functioning in COVID-19, which 

should be under focus, due to the alterations observed in placentae from COVID-19-positive 

pregnancies which depict placental dysfunction. Therefore, this study aims to form a 

foundation  to show how COVID-19 affects placental development and functioning through 

the analysis of kisspeptin in pregnancies.  

1.3 Methodology Overview 

1.3.1 Ethical approval 

Regulatory ethical and Institutional approval was obtained from the Biomedical Research 

Ethics Committee of the University of KwaZulu-Natal (BREC/00004591/2022), South Africa.  
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1.3.2 Study population 

Black South African women over 34 weeks of gestation from Inkosi Albert Luthuli Central 

Hospital, who were confirmed either COVID-19 positive or negative for SARS-CoV-2 RNA 

via real-time polymerase chain reaction (RT-PCR) on nasopharyngeal swabs were considered 

for this observational study. Black South African women below the age of 40 who were over 

34 weeks of gestation, with confirmed singleton pregnancies, and who were confirmed either 

COVID-19 positive or negative through PCR testing, were considered for this study. Only 

those who could provide full consent and did not present with other major co-morbidities such 

as hypertension, pre-eclampsia, IUGR or other gestational complications were then recruited. 

1.3.3 Sample collection 

Immediately after PCR test results and consent were obtained, a doctor from the hospital 

obtained 5ml of whole blood via venepuncture from which plasma was isolated through 

centrifugation (n=10 per group). Additionally, placental samples were taken from women who 

had elective caesarean sections. Within 10 minutes of delivery placental tissue was dissected 

from central (n=6 per group) and peripheral regions (n=6 per group) of the placenta. Within 

ten minutes of delivery, the placental tissue was removed, washed with PBS (1X, pH 7.5), and 

preserved in 10% phosphate-buffered formalin. 

1.3.4 Tissue processing and analysis 

The plasma acquired was utilised to extract EVs using the Invitrogen™ Total Exosome 

Isolation Kit according to the manufacturer's instructions. The isolated EVs were characterized 

using Transmission electron microscopy and Nanoparticle Tracking Analysis (NTA). The 

levels of IFN gamma, IL-6, MIP-1 alpha, and TNF alpha were then analysed in the EVs and 

plasma using a ProcartaPlex 4 Plex (Chapter Three- Manuscript Two).  

Following standard laboratory protocol, placental samples (n = 12 per group) were embedded 

into paraffin wax blocks and analysed using the Haematoxylin and Eosin (H&E), and Masson’s 

Trichrome (MT) stains. Placental samples were further analyzed through 

immunohistochemistry to determine the kisspeptin levels in COVID-19-positive and negative 

placentae (Chapter Four- Manuscript Three). Kisspeptin levels were analyzed through 

microscopic analysis and quantified using colour deconvolution on Fiji ImageJ software 

(Madison, WI). 
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1.3.5 Statistical analysis  

All data analyses and graphical representations were produced using an unpaired t-test on 

GraphPad Prism, with p-values < 0.05 considered significant.  

1.4 Overview of the Thesis 

This dissertation is written and submitted in manuscript format as per the College of Health 

Science (University of KwaZulu-Natal) guidelines. It consists of Five (5) Chapters. 

Introduction: Chapter One introduces the COVID-19 pandemic, the pathophysiology of 

SARS-CoV-2, and the repercussions of infection. It further explores the effects of COVID-19 

infection in pregnant women, specifically focusing on inflammation, placental development 

and functioning. This chapter also provides information on the aims and objectives as well as 

an overview of the methodology.  

Manuscript One: The effects of COVID-19 on placental morphology- Published: Placenta, 

138, 88-96. This review paper elucidates the effects of COVID-19 on the functioning and 

morphology of the placenta.  

Formatting, tables/figures, and referencing are done in accordance with the journal 

requirements.  

Manuscript Two: The effect of COVID-19 infection during pregnancy on the 

plasma/extracellular vesicles pro-inflammatory cytokine profile- In revision for publication in 

the: American Journal of Reproductive Immunology. This experimental paper focuses on how 

COVID-19 infection during pregnancy impacts the cytokine profile in the plasma and EVs in 

the South African cohort.  

Formatting and referencing are done in accordance with the journal requirements. 

Manuscript Three: The effect of COVID-19 on placental functioning in South African 

pregnancies: Investigation of kisspeptin expression, vascular and inflammatory alterations- In 

revision for publication in the: Histochemistry and Cell Biology Journal. This experimental 

paper elucidates histopathology and kisspeptin expression in the placentae from COVID-19-

positive and negative pregnancies in South Africa.  

Formatting and referencing are done in accordance with the journal requirements. 

Synthesis: Chapter Five provides an in-depth synthesis of Chapters Two, Three, and Four by 

highlighting the main findings and the link between these Chapters. Thereafter, a conclusion 
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and summary of the main findings are provided, along with future recommendations and 

limitations of this study.  
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BRIDGING TEXT  

FROM CHAPTER ONE TO TWO 

The introduction and the literature review from the previous chapter examined COVID-19 and 

its impact globally. This publication critically reviews the effects of COVID-19 on pregnant 

women. The pathophysiology of COVID-19, pathological changes, and observed outcomes 

have been discussed. Moreover, a connection between preeclampsia and COVID-19 has been 

identified and discussed, with thoughts and recommendations for future studies to consider. 

Finally, this study investigated how the COVID-19 vaccination and treatments might affect 

expectant mothers and their unborn children, along with highlighting the future research 

prospects for therapeutics. This review could be of great interest to a broad audience of 

scientists in the fields of medicine, physiology, anatomy, and pharmaceutics, as well as 

biomedical scientists and medical practitioners engaged in treating pregnant women, 

developing and implementing novel diagnostic and therapeutic agents for the effective 

treatment of COVID-19. 
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BRIDGING TEXT 

FROM CHAPTER TWO TO THREE 

One of the main concerns during pregnancy is inflammation due to COVID-19 infection, as 

highlighted in manuscript one (Chapter Two), where placental inflammation markers were 

widespread. Therefore, this manuscript focuses on how COVID-19 alters the cytokine profile 

in pregnancy in both the plasma and EVs from the South African cohort, taking into account 

the emerging role of EVs as signalling entities that can alter the outcome of pregnancies. This 

was determined by assessing the cytokine profile in both the plasma and EVs from South 

African pregnancies, through the analysis of IFN gamma, IL-6, MIP-1 alpha and TNF alpha 

levels. The results have outlined alterations in the cytokine profile as a result of COVID-19, 

further postulated mechanisms for the changes identified, related clinical manifestations and 

relevant recommendations to future studies as well as clinicians in South Africa treating 

mothers and infants from these pregnancies to ensure their future wellbeing.  
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Purpose: The Coronavirus disease (COVID-19) has impacted pregnant women significantly, 

with increased mortality and morbidity. The implications of this virus are linked to extracellular 

vesicles (EVs) and maternal inflammation due to the cytokine storm. Hence, this study aims to 

investigate the impact of COVID-19 on the pro-inflammatory cytokine profile in both plasma 

and EVs of South African pregnant women.  

Methods: Plasma samples were obtained from pregnant women in the third trimester, from 

which EVs were extracted using the Invitrogen™ Total Exosome Isolation Kit. These plasma-

derived EVs were characterized using transmission electron microscopy and nanoparticle 

tracking analysis.  

Results: COVID-19 infection in pregnancy did not significantly affect the average particle size 

and concentration of isolated EVs. The levels of IFN gamma, IL-6, MIP-1 alpha and TNF alpha 

were analysed in the plasma and circulating EVs through a multiplex assay. Compared to 

control group, a significant increase in IL-6, IFN-γ, TNF-α and MIP-1α levels were observed 

in both plasma and EVs content of COVID-19 pregnancies.  

Conclusion: These findings suggest that COVID-19 infection impacts the pro-inflammatory 

cytokine profile in the plasma and EVs of South African pregnant women.  

Keywords: COVID-19; Pregnancy; Inflammation; Cytokine storm; Extracellular vesicles  
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1. Introduction 

In 2019, the catastrophic COVID-19 pandemic affected over 181 countries in just 5 months, 

with 1197405 confirmed cases (Hoseinpour Dehkordi et al., 2020). However, the long-term 

consequences of this virus are yet to be determined, particularly its impact on COVID-19-

positive pregnancies and their associated defects. During pregnancy, COVID-19 infection has 

been connected to several cases of foetal distress, demise, and preterm delivery due to the 

cytokine storm and maternal inflammation (Joma et al., 2021). Inflammation is of great 

concern in pregnancy, as inflammatory cytokines can pass to the foetus through the blood, 

resulting in systemic inflammation (Joma et al., 2021). Therefore, improvement in knowledge 

of the pathogenesis of COVID-19 infection during pregnancy and its associated inflammatory 

responses could facilitate ongoing efforts to reduce the harmful long-term effects of COVID-

19 in mothers and their foetuses. Together with enabling a better understanding of how to 

approach future viral outbreaks to improve the management for pregnant women. 

Elevated pro-inflammatory cytokine levels have been documented in COVID-19 patients; 

hence, the 'cytokine storm' is central to COVID-19 pathogenesis (McGonagle et al., 2020, 

Yang et al., 2020a, Darif et al., 2021). This elevated expression in cytokines is considered to 

be as a result of the decreased expression in ACE2 and an increase in angiotensin 2 (Ang-II), 

which can result in a multitude of adverse consequences including septic shock (Hirano and 

Murakami, 2020, Ntounis et al., 2022, Ruan et al., 2020). Among other cohorts,  pregnant 

women have been extensively impacted by this increase in pro-inflammatory cytokines, 

however this profile is yet to be fully understood in the South African cohort (Rosen et al., 

2022, Tanacan et al., 2021). These inflammatory cytokines can pass through the placenta, 

posing substantial risk to infants and their neural development (Figueiredo et al., 2021, 

Shuffrey et al., 2022, Kurokawa et al., 2023, Van Steenwinckel et al., 2014, Basheer et al., 

2022, Redline, 2004). Therefore, elucidating the cytokine profile in the South African 
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population will allow us to physiologically evaluate what occurred in pregnancies impacted by 

COVID-19 and determine any long-term effects as a result, which could be beneficial for 

neonates from these pregnancies.  

This pro-inflammatory state observed in patients from the COVID-19 pandemic has further 

been linked to affecting extracellular vesicles (EVs) and their protein secretion (Gurunathan et 

al., 2021).  EVs can release their cytokine cargo along with various other functions, including 

intercellular communication through transporting the cargo for transfer between cells (Jung et 

al., 2020, Benjamin-Davalos et al., 2021). In addition, viral infections have been reported to 

utilize EVs as entry points for transmitting viral proteins, evading the immune system, and 

thereby resulting in tissue damage (Babaei et al., 2022). Furthermore,  EVs are known to play 

a role in pregnancy; hence, great interest in investigating their role and effect on pregnant 

women emerged as alterations in the level or cargo of these vesicles have been linked to pre-

eclampsia and preterm delivery (Tannetta et al., 2014, Konadu et al., 2015). Pre-eclampsia has 

been linked to elevated EV levels, which results in increased maternal immune activation, 

endothelial dysfunction and vascular impairments, that has also been observed in 

carcinogenesis (Konadu et al., 2015, Matsubara et al., 2021, Pillay et al., 2016). While pregnant 

women who recovered from COVID-19 showed a significant decrease in EVs and suggested 

that EVs could control inflammation (Cao et al., 2022), however, the role of EVs in 

inflammation of COVID-19 pregnancies is yet to be completely elucidated and understood. 

This dysregulated cytokine response has been identified in critical cases of COVID-19 in the 

Sub-Saharan African cohort; however, the effect of COVID-19 on the cytokine profile in 

pregnant women of the South African cohort is yet to be fully determined (Shaw et al., 2023). 

Therefore, this study aims to investigate the effect of COVID-19 on the cytokine profile in the 

plasma and EVs of pregnant South African women. The results obtained from the isolation and 

characterization of EVs from the plasma of COVID-19-positive and negative pregnant women 
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(≥34 weeks), as well as levels of most important cytokines (IFN gamma, IL-6, MIP-1 alpha 

and TNF alpha) in both circulating EVs and plasma, are herein reported.  
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2. Materials and Methods 

2.1. Ethics Approval and consent to participate 

Regulatory ethical and Institutional approval was obtained from the Biomedical Research 

Ethics Committee of the University of KwaZulu-Natal (BREC/00004591/2022), South Africa. 

Patients were recruited based on the inclusion and exclusion criteria. Once they were identified 

for this study, its purpose and requirements were explained to them. Upon agreeing to 

participate, all participants signed a consent form.  

2.2. Study Population 

The Inkosi Albert Luthuli Central Hospital was under the triage system for COVID-19 

diagnoses, and therefore upon arrival, all patients were tested prior to admission. Black South 

African women over 34 weeks of gestation who were confirmed either COVID-19 positive 

(n=10) and negative (n=10) for SARS-CoV-2 RNA via real-time polymerase chain reaction 

(RT-PCR) on nasopharyngeal swabs were considered for this study. Gestational matching was 

performed in this study. Immediately after consent was obtained, a doctor from the hospital 

obtained 5ml of whole blood via venepuncture using plasma tubes (BD Vacutainer Tubes 

(EDTA), Becton Dickinson and Company, South Africa). The blood tubes were gently shaken 

and left to stand for 20 minutes at room temperature. Vacutainers containing blood were 

centrifuged within one hour (3500rpm for 15 minutes at 4oC). Following centrifugation, plasma 

was separated from the blood and aliquoted into Eppendorf tubes. All samples were stored at -

80℃ until used. Samples were processed according to the accepted guidelines pertaining to 

EVs (Chatterjee et al., 2015).  

2.2.1. Inclusion and exclusion criteria 

Black South African women below the age of 40 who were over 34 weeks of gestation, with 

confirmed singleton pregnancies, who were confirmed either COVID-19 positive or negative 

through PCR testing were considered for this study. Only those who could provide full consent 
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and did not present with other major co-morbidities such as hypertension, pre-eclampsia, IUGR 

or other gestational complications were then recruited.  

2.3. EV isolation 

EVs were isolated using the Invitrogen™ Total Exosome Isolation Kit from plasma (Life 

Technologies, CA, United States) according to the manufacturer's instructions. Briefly, 0.6 ml 

of plasma sample was centrifuged at 2000 × g for 20 minutes at room temperature to remove 

cells and debris. After that, the supernatant was transferred and centrifuged at 10,000 × g for 

20 minutes at room temperature. 250 μl of PBS was then added to the clarified plasma and 

vortexed for 10 seconds. Subsequently, 150 μl of precipitation reagent was added, vortexed for 

10 seconds and then incubated for 10 minutes at room temperature. Centrifugation was then 

repeated at 10,000 × g for 5 minutes at room temperature, after which the supernatant was 

discarded, and the EVs were resuspended in 250 μl of PBS and stored.  

2.4. Transmission electron microscopy 

After being diluted in 1X PBS to a 1:20 dilution ratio, isolated EVs were put on a continuous 

nickel grid. 2% uranyl acetate was used to negatively stain the samples. A JEOL JEM 1400 

transmission electron microscope (JEOL, Peabody, MA, USA) was used to analyse the particle 

morphology at a 20k magnification. Pictures were taken at 50 and 100 nm. Images were 

obtained using Gatan Capture software (AMETEK. Inc., USA). 

2.5. Nanoparticle tracking analysis (NTA) 

Using the NanoSight 500, which has a 405 nm laser and a sCMOS camera, NTA examined the 

particle size distribution, average particle size, and concentration of the plasma-derived EVs 

(NanoSight NTA 3.2 Nanoparticle Tracking and Analysis Release, Version Build 0069, 

Malvern Panalytic, Malvern, UK). Samples were diluted in 1x PBS and mixed well to get 10-

100 particles per image. Diluted samples were then injected into the laser chamber. The 
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following settings were used for data acquisition: camera level 12, acquisition time 20ms, and 

detection threshold 7.  

2.6.  Multiplex immunoassay 

Isolated EVs and plasma samples were stored at -20°C and - 80 °C, respectively, until analysis. 

Sample aliquots had not been previously thawed before use in the multiplex cytokines and 

chemokine assay. The levels of IFN gamma, IL-6, MIP-1 alpha (CCL3) and TNF alpha were 

measured using the ProcartaPlex 4 Plex, 1plate 4-Plex (CAT # PPX-04-MXT2AYK) according 

to the manufacturer's instructions. 

In a 96-well plate, HGF (Hepatocyte Growth Factor) and HGFR-captured (Hepatocyte Growth 

Factor Receptor) antibody-coupled magnetic beads were added to each well and washed twice. 

25 µL of Standards, plasma samples, PBS (blanks) and EV suspension were then added into 

respective wells (in duplicates) and left to incubate for 16–18 h at 2–8 °C before washing three 

times with wash buffer on an automated magnetic plate washer (Bio-Plex Pro™ /Bio-Plex Pro 

II Wash Station). The concentration of EVs suspension used in this study ranged from 1.53 x 

107 to 2.6 x 108 EVs/mL and therefore normalization has been done to eliminate the effect of 

concentration variations and cytokine concentrations were expressed as pg/ 108 EVs. After that, 

the biotinylated-detection antibody was pipetted into each well and incubated for 1 h at room 

temperature. After washing, the plate was incubated for 30 minutes at room temperature with 

streptavidin–phycoerythrin (SAPE). Prior to resuspending each well with Drive fluid, the plate 

was lastly cleaned. A Biorad Bio-Plex Magpix system was used for detection. Raw data was 

extracted using Bio-Plex Manager software version 4.1 and the Bio-Plex®MAGPIXTM 

Multiplex Reader (Bio-Rad Laboratories Inc., USA). 
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2.7. Statistical analyses 

All data analyses and graphical representations were generated using GraphPad Prism 8.0 

(C.A., La Jolla). Statistical analyses were done using the unpaired t-test and significance was 

considered when p-value < 0.05. 

3. Results  

3.1 Clinical characteristics 

Relevant clinical information about each group, i.e. Control and COVID-19 +ve are 

summarized in Table 1 as mean ± standard deviation due to their parametric distribution. 

Maternal age, maternal weight, systolic blood pressure, diastolic blood pressure, heart rate, 

body temperature, gestational age, gravidity and parity were non-significantly (ns) different 

between the Control and COVID-19 +ve study groups, as shown in Table 1. 

Table 1. Patient demographics of Control and COVID-19 +ve pregnant women. 

Results are represented as the mean (±SD), ns = Not significant (P > 0.05) 

 Matern
al age 
(years) 

Matern
al 

weight 
(kg) 

Systolic 
BP 

(mmHg
) 

Diastoli
c BP 

(mmHg
) 

Heart 
Rate 

(Beats 
per 

minute
) 

Body 
Temperatu

re (°C) 

Gestation
al age 

(weeks) 

Gravidity Parity 

Control 

 (n = 10) 

29.40 

(±5.50) 

127.3 

(±38.05) 

130.0 

(±26.73

) 

68.20 

(±17.33

) 

89.30 

(±15.17

) 

36.31  

(±0.18) 

36.20 

(±1.99) 

2 

(±1.5) 

1.4 

(±1.43) 

COVID19+

ve (n = 10) 

28.60 

(±4.97) 

100.30 

(±42.83) 

113.5 

(±15.59

) 

64.20 

(±7.54) 

90.60 

(±10.27

) 

36.30  

(±0.22) 

36.80 

(±2.25) 

2.5 

(±2.1) 

1.8 

(±2.1) 

Significance ns ns ns ns ns ns ns ns ns 
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3.2 Morphology and concentration of circulating EVs 

3.2.1 Transmission Electron Microscopy 

Transmission Electron microscopy analysis of EVs isolated from the plasma of both group are 

shown in Figure 7. EVs isolated from COVID19-+ve group revealed oval-shaped vesicles, 

while COVID19-ve group showing round-shaped vesicles with almost similar size. TEM 

image  also showed lipoprotein aggregates (white circular particles), which were isolated with 

EVs due to using of precipitation-based EV isolation method. 

 

Figure 1. Transmission Electron microscopy images of EVs. 

A). Covid +ve pregnancy showing oval-shaped vesicles, (scale bar 100 nm). B). Covid -ve 

pregnancy showing round-shaped vesicles (scale bar 50  nm). Lines indicate individual EVs 

and circular lipoprotein aggregates are also present with the isolated EVs 

3.2.2 Nanoparticle Tracking Analysis 

EVs isolated from both groups have shown a monodispersion size distribution as presented in 

Figure 8. The hydrodynamic average particle size of EVs from COVID-19 -ve pregnancies 

was 172.48 ± 47.21 nm with an average EV concentration of 1.3 × 108 ± 0.77 × 108 EVs/ mL, 

particle size span 1.92 ± 0.58 and D90/D10 ratio of 4.72 ± 1.88. The average size of  EVs from 

COVID-19-+ pregnancies was 167.6 ± 51.18 nm with an average EV concentration of 6.73 × 
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107 ± 5.86 × 107  EVs/ mL, particle size span 1.63 ± 0.41 and D90/D10 ratio of 3.91 ± 0.41. 

Statistical analysis of Nanoparticle tracking analysis (NTA) results revealed that there were no 

significant differences between EVs isolated from the plasma of COVID-19 +ve and COVID-

19 -ve pregnancies in terms of concentration and average particle size. In contrast, COVID19 

infection have significantly reduced EVs polydispersity as inferred from the reduction of both 

particle size span and D90/D10 ratio values. 

 

Figure 2. Graphical representation of the particle size distribution of EVs isolated from plasma. 

A) COVID-19 + ve pregnancies, B) COVID-19 - ve pregnancies. This monodispersion size 

distribution obtained from Nanoparticle Tracking Analysis highlights the particle size 

distribution and concentration of the plasma-derived EVs. 

3.3 Plasma and EV Pro-inflammatory cytokines levels in COVID-19-negative and positive 

pregnancies 

Table 2 illustrates that the plasma from COVID-19-+ ve pregnancies has shown significantly 

higher levels of all investigated pro-inflammatory cytokines (IFN gamma, IL-6, MIP-1 alpha 

and TNF alpha) when compared to COVID-19 - ve pregnancies. There were no significant 

differences observed when comparing the levels of IL-6, MIP-1 alpha and TNF alpha) in the 

EVs fraction isolated from the plasma of COVID-19-+ ve pregnancies to their levels in 

COVID-19 -ve pregnancies. The only exception is IFN gamma where its level is significantly 



 58 

higher in the EVs isolated from the plasma of COVID-19-+ ve pregnancies, compared to its 

level in the EVs isolated from plasma of COVID-19 -ve pregnancies. 

 

Table 2. Pro-inflammatory cytokine level (pg/Ml) in the plasma and EVs fraction of COVID-

19 -/+ pregnant women. 

Data represented as mean ± STD, (n = 10). 

MARKER PLASMA EVs Fraction 

COVID – COVID + p-value COVID – COVID + p-value 

IL-6  10.46 ± 0.99 70.26 ± 29.21 0.04* 7.89 ± 1.01 17.16 ± 7.11 0.190 

IFN-γ 7.07 ± 0.34 8.29 ± 0.29 0.02* 6.52 ± 0.17 7.91 ± 0.41 0.01** 

TNF-α 6.58 ± 0.08 7.26 ± 0.26 0.03* 6.64 ± 0.16 7.10 ± 0.33 0.19 

MIP-1α 3.23 ± 0.32 4.95 ± 0.66 0.04* 1.12 ± 0.09 1.23 ±0.23 0.64 
Results are represented as the mean ± SEM, *p < 0.05., **p < 0.01. 

 

Interestingly, unlike EVs fraction cytokine levels, normalized EVs cytokine level per fixed 

number of EVs (108 EVs) have shown significant increase due to COVID-19 infection (Figure 

9). In addition, this study also notes that 3 neonates from COVID-19 positive mothers 

experienced distress and presented with low birthweights. 1 of these neonates were born 

premature while the other 2 presented with abnormalities and died. 1 of neonates from COVID-

19 negative pregnancies experienced distress and was born prematurely with a low birthweight.  
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Figure 3.  Pro-inflammatory cytokine level in EVs isolated from COVID-19 -/+ pregnant 

women. 

Data represented as mean ± STD, (n = 10). * p-value < 0.05. 

4. Discussion 

In the present study, COVID-19 infection has significantly increased the levels of key pro-

inflammatory cytokines (IL-6, TNF-α and MIP-1α) in the plasma from COVID-19-positive 

pregnant women compared to COVID-19-negative pregnancies. These results are consistent 

with previous reports of alterations in plasma cytokine profile due to COVID-19 infection 

during pregnancy (Tanacan et al., 2021, Liu et al., 2020b, Fatih et al., 2022, Irwinda et al., 

2021, Chen et al., 2021, Fenizia et al., 2020, Sabharwal et al., 2023, Phoswa and Khaliq, 2020, 

Vásquez-Procopio et al., 2022, Aminsobahni et al., 2023, Bernier et al., 2024). Our study also 

reported on the EVs isolated from the plasma of COVID-19 -/+ ve South African pregnant 

women and subsequent characterization of these isolated EVs using TEM and NTA analyses. 

COVID-19 infection in pregnancy have significantly reduced EVs polydispersity, while did 

not significantly affect the release, concentration and average particle size of isolated EVs. 

Furthermore, the key pro-inflammatory cytokines content in EVs fractions (IL-6, TNF-α and 
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MIP-1α) was not affected by COVID-19 infection in pregnancy.  While the EV fraction level 

of multifunctional cytokine IFN-γ was significantly elevated in response to COVID-19 

infection in pregnancy. In contrast, normalized cytokine level per number of isolated EVs has 

shown a significant increase in EVs contents of all investigated cytokines due to COVID-19 

infection during pregnancy, this highlights the importance of EVs content normalization to EVs 

count and/or protein content in evaluation of EVs characteristics.   

Concerns of excessive inflammation during pregnancy in response to viral infections, like 

COVID-19, are therefore raised due to the resultant predisposition of gestational complications 

like pre-eclampsia, preterm birth, intrauterine growth restriction, and stillbirth which could 

affect the development of the foetus consequently resulting in severe postnatal repercussions 

(Seymen, 2021, Heeralall et al., 2023, Jamieson and Rasmussen, 2021). Alterations in the pro-

inflammatory cytokine profile are suggestive of a pro-inflammatory state being favoured, 

which raises a multitude of concerns, as the balance amongst anti/pro-inflammatory cytokines 

and chemokines is critical in ensuring that pregnancy is safe (Liu et al., 2020a, Tanacan et al., 

2021). On the other hand, EVs have shown a dual role in inhibiting or enhancing viral infection 

pathogenesis (Caobi et al., 2020). Therefore, in this study, we have investigated the pro-

inflammatory cytokines profile in both plasma and EVs from COVID-19 -/+ ve pregnant 

women to explore their role in COVID-19 pathogenesis during pregnancy. 

Elevated plasma levels of pro-inflammatory cytokines associated with COVID-19 in 

pregnancy, in particular IL-6, have been linked to systemic inflammation in pregnancy, which 

is thought to have an impact on foetal development (Martins-Filho et al., 2020, Hoffmann et 

al., 2020). IL-6 in particular is considered to have a direct impact on the development of the 

foetal brain, as maternal IL-6 can pass through the placental barrier with the placenta being 

considered the site of action for this cytokine (Dahlgren et al., 2006, Sandovici et al., 2012, 

Tsukada et al., 2019). Therefore, IL-6 can impact long term brain development and can 
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increase in the foetal and postnatal brain as a result of maternal immune activation (Garay et 

al., 2013, Gallagher et al., 2013).In addition, increased expressions in TNF-α and IFN-γ have 

been further linked to organ damage, miscarriage, preterm delivery with recent reports raising 

concerns that this pro-inflammatory state can result in neurodevelopmental disorders in the 

offspring (Vásquez-Procopio et al., 2022, Fenizia et al., 2020, Rosen et al., 2022, Taglauer et 

al., 2022, Sabharwal et al., 2023). Therefore, we believe that the alterations observed in this 

study suggest that COVID-19 infection during pregnancy can increase the risk of gestational 

complications and possibly impact foetal development. This could be further linked to the 

increase in adverse neonatal outcomes in COVID-19 positive pregnancies observed in this 

study. Moreover, increases in chemokines such as CCL2, CCL5 and CCL3 (MIP-1α) could 

been further linked to premature delivery and possible placental malfunction (Fenizia et al., 

2020). As a result, we propose that this pro-inflammatory state observed in COVID-19 positive 

pregnancies could be linked to altered placental functioning and structure reported in these 

pregnancies (Heeralall et al., 2023).  

Herein, we investigated for the first time, to the best of our knowledge, the effect of COVID-

19 on the pro-inflammatory cytokine profile in plasma-derived EVs from South African 

pregnant women to explore their role in COVID-19-associated pro-inflammation in pregnancy. 

This study demonstrates that COVID-19 infection during pregnancy was significantly reduced 

EVs size poly dispersion and significantly increased their key pro-inflammatory cytokines 

content, with no significant impact on EV release, concentration and average particle size. 

Interestingly, COVID-19 during pregnancy triggers production of pro-inflammatory cytokines 

and IFN-γ in EVs as EVs isolated from COVID-19 +ve pregnancies have shown significantly 

higher levels compared to their COVID-19 -ve counterparts. This elevation in the level of 

multifunctional cytokine IFN-γ and other pro-inflammatory cytokines investigated in this study 

suggests that EVs may contribute to maternal immune activation and could have possible 
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proliferative effects during COVID-19 infection in pregnancy. Furthermore, the lack of 

significant difference in the EV release, concentration and average particle size between 

COVID-19 positive and negative pregnancies could also suggest a possible protective role of 

EVs / major immune-modulatory effects in COVID-19. Studies have suggested that alterations 

in EV concentrations and sizes are linked to gestational complications (Sokolov et al., 2016, 

Lok et al., 2009, Rice et al., 2015). Similar studies have also reported that EVs from COVID-

19 patients could exert an inflammatory response through stimulation of endothelial cells' 

release of pro-inflammatory cytokines like IL-6 due to an increase in expression of fibrinogen-

β (FGB) and tenascin-C (TNC), which are known to stimulate pro-inflammatory cytokines like 

IL-6 (Sur et al., 2021). Another report further documented that COVID-19 exosomes activate 

IL-1β secretion by triggering the NLRP3 inflammasome, thereby resulting in an inflammatory 

response (Sur et al., 2022). In addition, similar findings have also been noted in studies on 

HIV, Hepatitis B and pre-eclampsia, with these alterations in EVs being linked to disease 

pathogenesis (Konadu et al., 2015, Holder et al., 2012, Tannetta et al., 2014, Kouwaki et al., 

2016). Moreover, EVs have been linked to a host of pregnancy complications, including pre-

eclampsia and preterm birth (Bai et al., 2021). EV’s isolated from the placenta and umbilical 

cord could also shed insight on its function in these pregnancies with COVID-19, as EV’s have 

been suggested to play thrombo-inflammatory role in the placentae from preeclampsia 

pregnancies (Kohli et al., 2016). Whilst human umbilical mesenchymal stem-cell-derived EVs 

have been reported to reduce damage as a result of inflammation in preeclampsia (Yu et al., 

2023). However, this possible protective role of EVs in COVID-19 are yet to be fully 

understood and could suggest that EVs could suppress inflammation as a protective mechanism 

in COVID-19 as noted in another study (Cao et al., 2022). Therefore, we believe our study 

indicates that EVs are in fact involved and implicated in COVID-19 pregnancies but suggest 
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further investigations into EV’s from the placenta and umbilical cord to elucidate their exact 

role.  

5. Conclusion 

This study demonstrates that the plasma pro-inflammatory cytokine profile is impacted in 

South African pregnancies with COVID-19 infection, suggesting the elevated risk of systemic 

inflammation and its associated harmful complications. Furthermore, this study demonstrated 

that plasma-derived EVs have no direct pro-inflammatory activities during COVID-19 

infection in pregnancy and suggested their possible protective and proliferative effects due to 

their higher content of IFN-γ compared to COVID-19 – ve pregnancies. These findings 

however, raise much concern for the functioning of the placenta in these pregnancies and the 

subsequent altered environment neonates were exposed to. We believe this proinflammatory 

state could be possibly linked to the placental dysfunction observed in COVID-19 pregnancies 

and therefore suggest further investigation. Consequently, we believe COVID-19 poses a 

greater threat for long-term complications, especially in the neonates from these pregnancies. 

Therefore, monitoring of neonates from COVID-19 pregnancies is recommended and their 

neurodevelopment should be under strict observation.  

6. Limitations 

During the final wave of the COVID-19 pandemic, the collecting site still followed strict 

regulations and access to patients was restricted thereby contributing to a limited sample size 

and lack of information about confounding factors such as foetal sex, marital status, 

socioeconomic status. Furthermore, using the precipitation-based method to isolate EVs could 

affect the accuracy of the determination of EV cytokines levels due to the presence of co-

isolated lipoproteins aggregate and residual serum cytokines. As well as lack of assessing EV-

specific markers. Nonetheless, we believe our findings contribute to the fundamental 
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understanding that COVID-19 infection during pregnancy has an impact on the cytokine profile 

in the South African cohort.  
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BRIDGING TEXT 

FROM CHAPTER THREE TO FOUR 

The previous chapters highlighted the alterations reported in placental morphology due to 

COVID-19 globally and examined the cytokine profile in South African pregnancies. These 

results demonstrated a hyperinflammatory state which is not considered to be conducive for 

optimal placental development and functioning. The placental histopathology in COVID-19 

pregnancies in this paper are investigated by evaluating the kisspeptin expression, to establish 

whether proper placental development and functioning occurred in these pregnancies from the 

South African cohort. The placental morphology was then further examined to understand if 

placental insufficiency occurred as a result of COVID-19 alterations. The findings of this paper 

provide evidence for impaired placental functioning possibly due to altered kisspeptin levels 

in COVID-19 pregnancies.  
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Introduction. The COVID-19 pandemic has passed; however, its long-term effects are yet to 

be determined. Pregnant women and their neonates faced an increased risk for complications 

during this pandemic as COVID-19 was reported to result in oxidative and inflammatory stress, 

and the cytokine storm, which would impact upon pregnancy viz. trophoblast invasion, 

placental development and functioning. Therefore, this study aims to determine the effect of 

COVID-19 on the placental functioning in South African pregnancies through the analysis of 

kisspeptin and placental morphology. 

Methods. Immunohistochemical analysis of placental samples was performed to detect the 

expression of kisspeptin. Histopathological analysis was conducted to identify vascular and 

inflammatory alterations. 

Results. This study demonstrated that COVID-19 results in a significantly increased 

expression of placental kisspeptin in both the central (p = 0.001) and peripheral (p <0.0001) 

regions as compared to the placentae from control pregnancies. Upon further analysis, the 

placentae from COVID-19 pregnancies also presented with severe inflammation and maternal 

and foetal vascular malperfusion compared to the control placentae.  

Discussion. A significantly increased expression of placental kisspeptin was observed in 

COVID-19 positive pregnancies inferring impaired placental functioning. This was further 

supported by vascular and inflammatory alterations observed in COVID-19 positive placentae 

which may suggest that trophoblast invasion was compromised. To date, there still exists small 

clusters of COVID-19 outbreaks and our findings highlights the importance for future 

surveillance of these mothers and neonates from COVID-19 pregnancies in South Africa, as 

neonates from other countries have presented with abnormalities. 

Keywords: COVID-19, placenta, kisspeptin, implantation, inflammation 
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Introduction 

The coronavirus pandemic (COVID-19), caused by severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2), has led to millions of confirmed cases globally, with South 

African recording the highest prevalence on the African continent (WHO, 2024). The outbreak 

of  SARS-CoV-2 emerged in late 2019 resulted in a widespread pandemic,  which continues to 

have significant health, social and economic consequences (Chuang et al., 2024, Gheorghita et 

al., 2024). In the United States, more than 400,000 women have been impacted by this 

pandemic, including 23,434 pregnant women (Zambrano et al., 2020). Given the ongoing 

challenges posed by COVID 19, it remains crucial to investigate the effects of this virus on 

pregnant women and foetal health, as long-term consequences on maternal and foetal health 

are not yet fully understood. 

The severity of COVID-19 ranged from fevers and fatigue to pneumonia with decreased 

oxygen saturation (Velavan and Meyer, 2020). These symptoms were more severe in pregnant 

women than in non-pregnant women, who were more likely to require intensive care unit 

admission (Wenling et al., 2020, Zambrano et al., 2020). These women were reported to be 

more vulnerable to pneumonia and other respiratory diseases due to differences in oxygen 

consumption and T lymphocyte immunity compared to that of a normal individual (Wenling 

et al., 2020, Zambrano et al., 2020). In addition, COVID-19 could further induce acute 

inflammation in pregnant mothers, causing respiratory distress and organ failure which could 

impact foetal development (Granja et al., 2021, Seymen, 2021). Moreover, adverse 

consequences in the placenta of these pregnant women as a result of COVID-19 were observed, 

which presented as signs of inflammation, vascular alterations, hypoxia along with an increased 

risk of pre-eclampsia (PE), preterm birth, and stillbirth (Wenling et al., 2020, Abedzadeh‐

Kalahroudi et al., 2021, Wastnedge et al., 2021, Jamieson and Rasmussen, 2021, Khoiwal et 

al., 2022). 

Proper implantation, placental development and functioning is fundamental for the success of 

all pregnancies, thus, understanding if these processes were impacted in COVID-19 

pregnancies would be beneficial, in order to comprehend the outcomes and long-term impact 

associated with these pregnancies (Boss et al., 2018). Any alteration from as early as 

implantation has the potential to result in abnormal placentation (Burton and Jauniaux, 2023). 

There is an increase in evidence that suggests complications, as a result, can extend beyond 

gestation as it has been further linked to predisposing infants to neuropsychiatric, metabolic, 

and cardiovascular disorders (Burton and Jauniaux, 2023). Trophoblast migration and invasion 
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are fundamental to implantation required for the development of the placenta and foetus; and 

are dependent on factors such as oxygen tension, angiogenic and growth factors (Matjila, 2015, 

Kapustin et al., 2020, Silva and Serakides, 2016). Kisspeptins (group of peptide fragments 

encoded by the metastasis suppressor gene viz. KISS 1) are key components in trophoblast 

migration and invasion that possess a major influence in placental formation and development 

(Hu et al., 2019a, Akhtar et al., 2020), through an array of mechanisms including inhibition of 

certain matrix metalloproteinases (MMPs) enzymes (Cao et al., 2019, Gorbunova and 

Shirshev, 2020). The invasion of extravillous trophoblasts into the maternal tissue is a pivotal 

factor in the oxygenation of the placenta and foetus to prevent hypoxia (Huppertz et al., 2014). 

Alterations in kisspeptin expression have been linked to PE, preterm birth, intra-uterine growth 

restriction (IUGR) and an increased risk for miscarriage (Cao et al., 2019, Kapustin et al., 

2020). Kisspeptin has been shown to significantly influence preeclampsia where insufficient 

invasion can result in hypoperfusion, the release of proinflammatory markers and poor vascular 

remodelling (Gomes and Sones, 2021). Therefore, investigations involving kisspeptin in 

COVID-19 pregnancies would provide an understanding of the effect that COVID-19 infection 

has on placental formation and functioning. This could possibly be further linked to the 

multitude of adverse pathological alterations observed in the placentae from COVID-19 

pregnancies.  

According to studies, histopathological alterations have been documented in the placentae from 

COVID-19 pregnancies (Heeralall et al., 2023), including signs of maternal and foetal 

malperfusion (Algarroba et al., 2020, Baergen and Heller, 2020, Hecht et al., 2020, Hosier et 

al., 2020, Mulvey et al., 2020, Shanes et al., 2020, Sisman et al., 2020, Smithgall et al., 2020, 

Hsu et al., 2021, Patberg et al., 2021, Schwartz et al., 2021, Watkins et al., 2021, Huynh et al., 

2022, Mao et al., 2022, Schwartz et al., 2022). Similarly, some studies also documented 

inflammatory changes in the placenta (Baud et al., 2020, Facchetti et al., 2020, Mongula et al., 

2020, Pulinx et al., 2020, Richtmann et al., 2020, Vivanti et al., 2020, Gao et al., 2021, 

Giordano et al., 2021, Ikhtiyarova et al., 2021, Jaiswal et al., 2021, Jang et al., 2021, Liu et al., 

2021, Menter et al., 2021, Shchegolev et al., 2021, Dubucs et al., 2022, Kato et al., 2022) with 

no placental expression studies linking hypoperfusion to kisspeptin. Furthermore, these studies 

were conducted globally, with limited information available on the placental alterations caused 

by COVID-19 on the African population, particularly in South Africa (Govender et al., 2021).   

Therefore, this study aims to assess the expression of kisspeptin, coupled with morphological 

changes, in the placentae of COVID-19 positive pregnant South African women. To the best 
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of our knowledge, this is the first study to investigate the impact COVID-19 on kisspeptin 

levels in pregnant women. These findings have then been further linked to the results from 

extensive analysis of the morphological structure and alterations in these placentae. The results 

obtained from the immunohistochemical analysis of kisspeptin together with the histological 

analysis of the morphology of placentae from COVID-19 positive and negative pregnant 

women are herein reported.  

 

Material and Methods 

Ethics Approval and consent to participate 

Regulatory ethical and Institutional approval was obtained from the Biomedical Research 

Ethics Committee of the University of KwaZulu-Natal (BREC/00004591/2022), South Africa. 

Patients were recruited based on the inclusion and exclusion criteria. Once suitable patients 

were identified for this study, its purpose and requirements were explained to them. Upon 

agreeing to participate, all participants signed a consent form.  

Study Population (inclusion and exclusion criteria) 

The Inkosi Albert Luthuli Central Hospital was under the triage system for COVID-19 

diagnoses, and therefore upon arrival, all patients were tested prior to admission. Black South 

African women over 34 weeks of gestation who were confirmed either COVID-19 positive 

(n=6 central and n=6 peripheral) and negative (n=6 central and n=6 peripheral) for SARS-CoV-

2 RNA via real-time polymerase chain reaction (RT-PCR) on nasopharyngeal swabs were 

considered for this study. Only those who could provide full consent and did not present with 

other major co-morbidities such as hypertension, preeclampsia, IUGR, or other major health 

issues were then recruited due to overlapping pathology. Placental samples were taken from 

women who had elective caesarean sections. Within 10 minutes of delivery placental tissue 

were dissected from central and peripheral regions of the placenta. Within ten minutes of 

delivery, the placental tissue was removed, washed with PBS (1X, pH 7.5), and preserved in 

10% phosphate-buffered formalin. These samples were then transported to UKZN for further 

processing. 

Placental tissue processing 

A central and peripheral piece (including chorionic and basal plate) of placental tissue (n=24) 

was collected from COVID-19 positive and negative patients. According to standard laboratory 
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procedure, all samples were immediately fixed in 10% buffered formalin and embedded into 

paraffin wax blocks (Burton et al., 2014).  

Using a rotary microtome, 3 µm thin sections of placental tissue were floated onto frosted glass 

slides, de-paraffinized and rehydrated for Haematoxylin and Eosin (H&E), and Masson’s 

Trichrome (MT) staining according to the methodology described in Bancroft’s Theory and 

Practice of Histological Techniques (Fischer et al., 2008, Suvik and Effendy, 2012, Suvarna et 

al., 2018). 

Immunohistochemistry  

The slides were incubated overnight at 37 °C, then de-waxed, rehydrated, and blocked with 3% 

hydrogen peroxide (H2O2) for 15 minutes, washed with distilled water thereafter. Antigen 

retrieval was then performed using Tris-EDTA buffer for 30 minutes in a pressure cooker. The 

slides were then washed in TBS and subsequently blocked with normal donkey serum. 

Incubation with a primary antibody against Kisspeptin ([EPR23770-189] manufactured by 

ABCAM raised in rabbit) at a dilution of 1: 500 was conducted at 4 °C overnight. The slides 

were cleaned in TBS the following morning. The Goat Anti-Rabbit Peroxidase (1: 100) 

secondary antibody (Dako Cat no. P0448) was then applied. After another TBS wash, the slides 

were incubated for 10 minutes at room temperature with 2 drops/1 ml of the 3,3'-

Diaminobenzidine (DAB) substrate chromogen system (DAKO K3468, Agilent, United 

States). Thereafter the slides were washed again to counterstain with Haematoxylin for 5 

minutes, rinsed, dehydrated, and cleared with xylene. Mounting medium was then to the slides 

along with a coverslip. These slides were then visualised under the microscope and scanned 

using a Nikon scanner. 

Morphometric analysis  

The Axioscope A1 microscope (Carl Zeiss, Germany) was used to view placental sections. 

Using AxioVision software (Carl Zeiss, Germany; version 4.8.3), pictures were taken at 20× 

objective magnification in four fields of vision each slide. Fiji ImageJ software's colour 

deconvolution was used to calculate the proportion of immunostaining specific to Kisspeptin 

antibody expression (Jensen, 2013, Crowe and Yue, 2019). Colour deconvolution is the process 

of dividing an image's colours into three channels: blue, green, and red. Haematoxylin staining 

is represented by the blue channel, whereas DAB staining is represented by the red channel. 

To calculate the Kisspeptin expression percentage, the proportion of DAB staining was divided 

by the total tissue area. 



 76 

Statistical analysis 

Patient demographics were examined for normality using the D’Agostino and Pearson, 

Shapiro-Wilk, and Kolmogorov-Smirnov tests. In order to compare the differences between 

the control and COVID-19+ve groups, the Unpaired T-Test was used. Statistical significance 

was defined as a probability threshold of p = 0.05. GraphPad Prism 8.4.3 (San Diego, CA) was 

used for all statistical analyses.  

 

Results 

Clinical characteristics 

Relevant clinical information about each group, i.e. Control and COVID19+ve are summarized 

in Table 3 as mean ± standard deviation due to their parametric distribution. Maternal age, 

maternal weight, systolic blood pressure, diastolic blood pressure, heart rate, and gestational 

age were non-significantly (ns) different between the Control and COVID19+ve study groups, 

except for body temperature which was elevated in the COVID19+ve group (p = 0.460), as 

shown in Table 3.  

 

Table 1.  Patient demographics of Control and COVID19+ve pregnant women. 

 

 Mater
nal 
Age 
(years) 

Mater
nal 
Weigh
t (kg) 

Systol
ic BP 
(mmH
g) 

Diasto
lic BP 
(mmH
g) 

Heart 
Rate 
(Beats 
per 
minut
e) 

Body 
Temperat
ure (°C) 

Gestatio
nal Age 
(weeks)  

Birthwei
ght (kg) 

Neona
tal 
Distre
ss 

Control 

 (n = 6) 

30.67 

(±6.82) 

119.7 

(±39.5

2) 

114.2 

(±18.3

3) 

73.17 

(±19.1

4) 

96.50 

(±21.6

8) 

36.17 

(±0.21) 

37.17 

(±1.72) 

2.93 

(±0.83) 

1/6 

(16.67

%) 

COVID19

+ve (n = 6) 

25.50 

(±4.64) 

99.78 

(±36.9

5) 

121.5 

(±14.2

5) 

70.17 

(±9.22

) 

81.33 

(±14.6

9) 

36.42  

(±0.17) 

37.00 

(±1.90) 

2.65 

(±0.91) 

3/6 

(50%) 

Significan

ce 

ns ns Ns ns ns p = 0.460 * ns ns  

Key: Results are represented as the mean (±SD), * p < 0.05  
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Immuno-localization of placental kisspeptin  

The expression of kisspeptin was localized in the central (Fig 10) and peripheral (Fig 11) 

regions of the placentae obtained from COVID-19 positive and negative pregnant women. The 

immuno-expression of kisspeptin was significantly increased in both the central (p = 0.001) 

and peripheral (p <0.0001) placental regions from pregnancies with COVID-19 infection as 

compared to healthy pregnancies. 

 

 

 

 

This is further depicted in Figure 12, where kisspeptin immunostaining is localized to the 

villous syncytiotrophoblast and cytotrophoblast cell layers of the placental villi which is 

indicated by DAB (brown) staining, with the nuclei counterstained blue with haematoxylin. 

More intense and complete kisspeptin immunostaining was observed in the syncytiotrophoblast 

and cytotrophoblast layers from central and peripheral regions of placentae from pregnancies 

with COVID-19 infection in comparison to healthy pregnancies.  

 

 

 

 

 

Figure 1 shows the expression of kisspeptin in the 
central placental region of COVID-19 positive and 
negative pregnant women. 

(n=6 per group) 

Figure 2 shows the expression of kisspeptin in the 
peripheral placental region of COVID-19 positive 
and negative pregnant women. 

(n=6 per group) 
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Figure 3 Represents immunohistochemical expression of kisspeptin in the central and peripheral 

regions of the placentae from both control and COVID-19 positive pregnancies. 

The tile scans show kisspeptin staining (brown) of the villous syncytiotrophoblast and cytotrophoblast 

cell layers, with nuclei (blue) that were counterstained with haematoxylin. 

 

Histopathological features 

The histopathological findings in the Control and COVID19+ve groups are shown in Figure 

13 and Figure 14 with a comparative evaluation in Table 4. Vascular alteration characteristics 

indicate maternal vascular malperfusion (MVM) or foetal vascular malperfusion (FVM), also 
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considering inflammatory lesions. This semi-qualitative evaluation (Table 2) was performed 

using a grading scale of 0 to 3, where: 0 = no effect à 0%, 1 = mild effect à 1-25%, 2 = 

moderate effect à 26-50%, 3 = severe effect à >50%. 
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Figure 4 Central and peripheral placenta of control and COVID-19+ve pregnancies, stained with H&E. 

Figure 4 A: The image shows cross-sections of the villous tree of the placenta – each chorionic villus 

is lined with syncytiotrophoblast. Inside the villi, foetal capillaries are observed. The intervillous space 

(IVS) is shown in white and contains maternal red blood cells. Normal well defined intermediate villi 

– arrow head. Syncytiotrophoblast layer surrounding villi – block arrow. Normal chorionic villi 

showing villous core with foetal vessels and stroma – star. Figure 4 B: Normal spiral artery – block 
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arrow. Decidua with decidual cells characterized as epithelioid and polygonal – arrow head. Figure 4 

C: Suggestive increased fibrin deposit with disappearance of nuclear material suggestive of 

hyalinization – star Hypovascular villi with villous edema and stromal fibrosis. Villi show widespread 

trophoblast abnormalities with thinning of the villous trophoblast layer – line arrow. Presence of 

syncytial knots – arrowhead. Figure 4 D: Villous infarction – arrowhead suggestive by Villous necrosis 

– star with Vascular wall edema – block arrow. 
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Figure 5 Central and peripheral placenta of control and COVID-19+ve pregnancies, stained with MT. 

Figure 5 A: The image depicts cross-sections of the placenta's villous tree, with each chorionic villus 

lined with syncytiotrophoblast cells. Inside the villi, foetal capillaries are seen. The intervillous space 

(IVS) is depicted in white and contains maternal red blood cells. Normal well defined terminal villi – 
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arrowhead. Syncytiotrophoblast layer surrounding villi – block arrow. Normal chorionic villi showing 

villous core with foetal vessels and stroma – star. Figure 5 B: Normal stem artery – block arrow. 

Normal chorioamniotic membranes with no evidence of chronic inflammatory cell infiltration in the 

amnion and choriodecidua – arrowhead. Figure 5 C: Increased fibrin deposit and possible 

hyalinization of villi – star. Hypovascular villi with villous edema and stromal fibrosis. Villi show 

widespread trophoblast abnormalities with thinning of the villous trophoblast layer – line arrow. 

Increased presence of syncytial knots – arrowhead. Figure 5 D: Massive perivillous fibrin deposition 

is noted with excessive deposition of fibrous tissue around the stem villi of the placenta – star. 

Hypovascular villi – block arrow.
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Histopathology of the COVID19+ve placentae demonstrated a higher grade of MVM and FVM 

with increased villous edema and chronic villitis compared to the control placentae.  

Maternal Vascular Malperfusion in COVID19+ve vs. Control 

A severe effect of accelerated villous maturation was observed in 5/6 COVID19+ve placentae 

with moderate effect in 1/6, is indicated by increased syncytial knots and villous agglutination. 

The control group showed 1/6 with no effect, 3/6 with mild effect and 2/6 with moderate effect. 

Massive perivillous fibrin deposition is the term used to describe the excessive deposition of 

fibrous tissue around the chorionic villi of the placenta. A severe effect of increased fibrin 

deposition was noted in 4/6 COVID19+ve placentae with moderate effect seen in 2/6 in the 

group. In the control placentae group, moderate (3/6), mild (2/6) and no effect (1/6) of increased 

fibrin deposition was displayed. 

Decidual arteriopathy presented with thickening or fibrinoid necrosis of the vessel wall, 

endothelial swelling and detachment was noted. Severe effects of decidual arteriopathy was 

demonstrated in 5/6 COVID19+ve placentae with moderate effects in 1/6 in the group. 

However, a mild effect of decidual arteriopathy was shown in 4/6, moderate effect in 1/6 and 

severe effect in 1/6 of the control placentae.  

Blood coagulation in the intervillous space can cause several pathologic lesions, the majority 

of which seem laminated and are known as thrombi. A severe effect of intervillous thrombosis 

was observed in 1/6 COVID19+ve placenta, whilst a moderate effect was noted in 5/6 

placentae. In the control placentae group, moderate (1/6), mild (4/6) and no effect (1/6) of 

intervillous thrombosis was displayed. 

When the placenta detaches over an extensive area and forms a hematoma between the uterine 

wall and the placenta, it produces retroplacental haemorrhage. A moderate effect of 

retroplacental haemorrhage was noted in 2/6 COVID19+ve placentae with no effect observed 

in 4/6 of the group. Similarly, no effect (4/6) of retroplacental haemorrhage with a mild effect 

in 2/6 control placentae was exhibited. Villi that have undergone ischemic necrosis as a result 

of a focused reduction in placental (maternal) blood flow create placental parenchymal lesions. 

A severe effect of villous infarct/necrosis lesions were demonstrated in 2/6 COVID19+ve 

placentae with a further 1/6 showing moderate effect. Moreover, a mild effect in 2/6 and no 

effect (1/6) was also seen in the COVID19+ve group. In contrast, a greater number of control 

placentae (5/6) displayed no effects and 1/6 with mild effects of villous infarct/necrosis lesions.  
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Foetal Vascular Malperfusion in COVID19+ve vs. Control 

Loss of villous vascularity with replacement of the villus core by dense fibroblastic material is 

known as avascular fibrotic villi. A moderate effect in 4/6 COVID19+ve placentae of avascular 

fibrotic villi was observed, whilst mild (1/6) and no effect (1/6) was also noted in the group. In 

the control placentae group, moderate (2/6), mild (2/6) and no effect (2/6) of avascular fibrotic 

villi was displayed.  

A sparse, poorly developed distal villous tree with abnormally shaped, elongated, slender villi 

and widened intervillous space were the hallmarks of distal villous hypoplasia. The villi 

displayed widespread trophoblast abnormalities, including an increase in wave-like syncytial 

knots, a reduction in cytotrophoblast numbers, and thinning of the villous trophoblast layer. 

There was also evidence of an increase in syncytiotrophoblast nuclear senescence. A severe 

effect of distal villous hypoplasia was observed in 4/6 COVID19+ve placentae with 2/6 

showing moderate effect. No effect (2/6) of distal villous hypoplasia was demonstrated in the 

control placentae with 2/6 and 2/6 showing mild and moderate effects, respectively. Capillary 

hyperplasia in the terminal villi is known as chorangiosis, and it results from low grade tissue 

hypoxia or persistent placental hypoperfusion. A severe effect of chorangiosis was 

demonstrated in 3/6 COVID19+ve placentae with a further 1/6 showing moderate effect. 

Moreover, a mild effect of chorangiosis was reported in 2/6 of the COVID19+ve group. 

However, no effect of chorangiosis was displayed in 3/6 control placentae with 2/6 placentae 

showing mild effect, and 1/6 moderate effect in the group. 

Delayed villous maturation (DVM) is distinguished by decreased tertiary villus production, 

decreased vasculo-syncytial membrane formation, and, in more severe cases, enlarged bullous 

villi. Moderate effect of DVM was demonstrated in 4/6 COVID19+ve placentae with mild 

effect noted in 2/6. In contrast, no effect of DVM was displayed in 4/6 control placentae with 

only 2/6 placentae showing mild effect.  

A vascular thrombotic disorder called foetal thrombotic vasculopathy (FTV) causes blockage 

of arteries and veins in the placenta's foetal circulation, which leads to ischemic alterations in 

the villi surrounding the blockage. A severe effect of FTV was demonstrated in 4/6 

COVID19+ve placentae with moderate effect noted in 2/6. However, a moderate effect of FTV 

was demonstrated in 2/6 control placentae with 4/6 placentae showing mild effect.  

Intramural fibrin deposition occurs when abnormal amounts of fibrin is deposited in the intima 

of the vessel thus escalating FVM. A severe effect of intramural fibrin deposition was displayed 

in 4/6 COVID19+ve placentae with moderate (1/6) and mild (1/6) noted in the group. In the 
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control placentae group, moderate (2/6), mild (3/6) and no effect (1/6) of intramural fibrin 

deposition was observed.  

Luminal dilatation (vascular ectasia) resulting from elevated venous pressure, is characterized 

by a pair of large foetal arteries in the chorionic plate or stem villi, one of which has a luminal 

diameter at least four times greater than the adjacent vessel. A severe effect of vascular ectasia 

was observed in 3/6 COVID19+ve placentae with moderate (1/6) and mild (2/6) effect also 

noted in the group. No effect (2/6) of vascular ectasia was demonstrated in the control placentae 

with 4/6 showing mild effects.  

Loss of vascular wall integrity, fragmentation and extravasation of red blood cells in the 

stroma, and early septation are signs of villous stromal-vascular karyorrhexis. Moderate effect 

of villous stromal-vascular karyorrhexis was reported in 4/6 COVID19+ve placentae with mild 

effect displayed in 1/6 and no effect 1/6 of the group. In contrast, no effect of villous stromal-

vascular karyorrhexis was exhibited in 5/6 control placentae with only 1/6 placentae showing 

mild effect. 

Inflammatory Lesions of COVID19+ve vs. Control 

The classic chronic inflammatory placental lesion known as chronic villitis is defined by the 

presence of chronic inflammatory cells infiltrating the chorionic villi, which ultimately results 

in villous agglutination and loss of placental function. A moderate effect of chronic villitis was 

noted in 4/6 COVID19+ve placentae with a mild effect seen in 2/6. In contrast, no effect of 

chronic villitis in 6/6 control placentae was reported. 

Placental villous edema was identified by locating open spaces within the cytoplasm of 

intervillous cells and in the interstitium of the villi. A severe effect of villous edema was 

reported in 3/6 COVID19+ve placentae with moderate effect seen in 2/6, and no effect (1/6) 

within the group. However, control placentae group showed no effect (3/6) and mild effect 

(3/6) of villous edema. 
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Discussion 

The findings from this study corroborate that COVID-19 had a severe pathogenic impact on 

the morphology of the placenta, which may be indicative of impaired placental function. A 

significant elevation in the expression of kisspeptin was observed in the central and peripheral 

regions of the placentae from COVID-19 positives pregnancies in this study when compared 

to COVID-19 negative pregnancies. The placentae from these pregnancies with COVID-19 

infection further presented with vascular and inflammatory alterations.  

Kisspeptin has an essential role in trophoblast invasion, angiogenesis and placentation, hence 

any alterations in its expression could result in adverse pregnancy outcomes or placental 

dysfunction (Kapustin et al., 2020). This is due to kisspeptin inhibiting the matrix 

metalloproteinase-9 (MMP9) expression in the placenta, which negatively impacts the 

maturation and invasion; thus, the elevated expression of KISS can consequently result in 

gestational complications (Hu et al., 2019a, Kleimenova et al., 2019, Zhang et al., 2011). 

Elevations in placental kisspeptin have therefore been linked to inadequate trophoblast 

invasion, which is inhibited by kisspeptin (Cartwright and Williams, 2012, Matjila et al., 2016). 

Hence, it is evident from the results reported herein that COVID-19 has a significant impact on 

placental functioning via altering the placental kisspeptin expression, which could possibly 

impact sufficient trophoblast invasion in these pregnancies. To the best of our knowledge, these 

results are yet to be supported by other studies. However, studies on preeclampsia, gestational 

diabetes mellitus, and preterm birth have also noted similar elevations in the placental 

expression of kisspeptin (Matjila et al., 2016, Kapustin et al., 2020, Zhang et al., 2011, 

Vodneva et al., 2014, Qiao et al., 2012, Torricelli et al., 2008). We believe this alteration in 

kisspeptin could be linked to the inflammation observed in COVID-19 pregnancies. 

Furthermore, the cytokine profile was noted to be altered in the plasma and exosomes of the 

current cohort where we observed a pro-inflammatory state (unpublished data). KISS-1 

systems' signalling is susceptible to inflammatory conditions hence this environment could 

disrupt its signalling accounting for the altered kisspeptin expression observed in our study 

(Iwasa et al., 2008). We believe that the placental dysfunction observed in COVID-19 

pregnancies could be attributed to the kisspeptin alterations observed in this study and could 

have further manifested as morphological alterations.  

The alteration in this key protein was further supported by the placental histopathological 

changes observed in the placentae from COVID-19 positive pregnancies in the South African 

cohort. Signs of morphological alterations indicative of maternal and foetal vascular 
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malperfusion were evident in all the COVID-19 positive placentae when compared to placentae 

from COVID-19 negative pregnancies. This was identified in the South African cohort, through 

the increased presence of pathological changes, including increased fibrin deposition, 

intervillous thrombosis, necrosis, chorangiosis, and foetal thrombotic vasculopathy when 

compared to the control group. Other South African studies also noted alterations in most of 

the COVID-19 positive placentae analyzed in their studies (Vannevel et al., 2021, Ramphal et 

al., 2022, Nunes et al., 2022). Similar observations have been noted in other countries, 

including Switzerland, Italy, USA, India, Netherlands, Belgium, Brazil, France, China, Korea 

and Uzbekistan, whereby an increased prevalence of MVM and FVM in COVID-19 placentae 

was also identified when compared to controls (Baud et al., 2020, Facchetti et al., 2020, Hecht 

et al., 2020, Mongula et al., 2020, Pulinx et al., 2020, Richtmann et al., 2020, Shanes et al., 

2020, Sisman et al., 2020, Vivanti et al., 2020, Gao et al., 2021, Ikhtiyarova et al., 2021, 

Baergen and Heller, 2020, Londhe et al., 2024, Tripathy et al., 2024, Mulvey et al., 2020, 

Smithgall et al., 2020, Jaiswal et al., 2021, Jang et al., 2021, Menter et al., 2021, Patberg et al., 

2021, Watkins et al., 2021, Dubucs et al., 2022).  

In addition to the increased prevalence of malperfusion, a significant increase in inflammation 

was observed in all the COVID-19 placentae which presented with severe chronic villitis, and 

villous edema compared to the placentae from the control group. This could possibly be a result 

of the altered pro-inflammatory cytokine profile noted in the South African cohort from this 

study (unpublished data). Similar findings were also recorded worldwide in the Italian, 

American, Brazilian, Chinese, Korean, Swiss, French, Indian, Indonesian, and Turkish 

population confirming that COVID-19 results in inflammatory and vascular alterations 

(Facchetti et al., 2020, Hecht et al., 2020, Richtmann et al., 2020, Gao et al., 2021, Jang et al., 

2021, Menter et al., 2021, Dubucs et al., 2022, Huynh et al., 2022, Garg et al., 2023, Milot et 

al., 2023, Altuntaş et al., 2024, Ryan et al., 2024, Umamaheswari et al., 2024, Wardhana et 

al., 2024).  

The altered placental kisspeptin expression, increased vascular and inflammatory alterations 

observed in this study can be further linked to the increase in distress and death in neonates 

from mothers infected with COVID-19. This study notes that 3 of 6 (50%) neonates from 

COVID-19 positive mothers experienced distress compared to only 1 of 6 (16.67%) neonates 

from COVID-19 negative mothers. Furthermore, 3 neonates from COVID-19 positive 

pregnancies were born premature or presented with abnormalities and died, whilst no 

abnormalities or deaths were noted in neonates from COVID-19 negative pregnancies. 
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Similarly, an increased prevalence of alterations was reported in the COVID-19 positive 

placentae from HIV+ patients when compared to HIV- patients in the South African cohort, 

which was further reported to be associated with preterm delivery (Barbera et al., 2021, 

Ramphal et al., 2022, Nunes et al., 2022). Furthermore, this population could have been more 

susceptible to COVID-19 complications due to the increased prevalence of social and 

healthcare issues which could have exacerbated the effects of COVID-19 (Lone and Ahmad, 

2020b).  

Therefore, from the results presented herein we believe that the altered cytokine profile 

observed in this population impacted kisspeptin signaling which was demonstrated through 

increased placental kisspeptin expression in COVID-19 positive pregnancies. This alteration 

could have impacted trophoblast invasion suggesting that spiral artery conversion is impacted, 

along with blood flow which could lead to poor placental perfusion and hypoxia. These 

conditions along with hyperinflammation could be the reason for the placental dysfunction 

observed through the altered histopathology in the COVID-19 placentae. However, the 

neonates from these pregnancies remain a concern as it is clear that they were exposed to 

environments that were not conducive for optimal development and growth. Studies have 

already reported complications impacting on foetal cardiac function and morphology in infants 

from these pregnancies affected by COVID-19 (Zhu et al., 2024).  

Conclusion 

This study demonstrates that placental development and function are impacted by COVID-19 

infection during pregnancy due to the potential influence of altered placental kisspeptin 

expression. This alteration could be underlying cause for the vascular and inflammatory 

morphological alterations observed in the COVID-19+ve placentae in this study. This study 

suggests a plausible link between elevated placental kisspeptin expression with 

histopathological alterations and adverse neonatal outcomes.  

Limitations 

During the COVID-19 pandemic's last wave, the collecting site still followed strict regulations, 

and access to patients was restricted, thereby contributing to a limited sample size. 

Nevertheless, our findings provide valuable insights into the critical role that kisspeptin plays 

in COVID-19 pregnancies and highlights the importance of conducting more research within 

the South African population to deepen our understanding of its implications.  
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Future Recommendations 

The long-term effects of COVID-19 in pregnancies remain poorly elucidated, necessitating  

further investigation into potential impacts. Investigating placentation in COVID-19 

pregnancies is essential in understanding pathology, identifying  adverse outcomes, and 

exploring  potential  therapeutic interventions in managing these complications. In particular, 

more focussed research should be conducted on kisspeptin in COVID-19 positive pregnancies. 

Additionally, it is vital for the mothers and neonates from these pregnancies, to  be rigorously 

monitored so that any detrimental outcomes as a result of COVID-19 can be identified and 

treated swiftly minimizing long-term consequences in  these patients.  
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5.0 CHAPTER FIVE 

SYNTHESIS AND CONCLUSION 

5.1 Synthesis 

The year 2019 proved to be significant due to the identification of SARS-CoV-2, which 

impacted the world through its severe mortality rate (Yuki et al., 2020). This pandemic 

presented a substantial threat to older, immunocompromised, and pregnant individuals (Simbar 

et al., 2023). Inflammation is considered one of the greatest concerns, as it remains the leading 

cause for premature delivery and pregnancy loss (Ragab et al., 2020, Vesce et al., 2022). This 

raised further concerns during the pandemic due to COVID-19’s strong association with the 

cytokine storm (Ragab et al., 2020, Vesce et al., 2022). This storm, along with the hypoxic 

conditions related to the virus, is of importance as it could affect proper placental development 

and functioning (Cavezzi et al., 2020). Kisspeptin has been recognized as an essential regulator 

in this process, with alterations being linked to placental dysfunction in preeclampsia, preterm 

birth, but its relationship to COVID-19 had not been explored (Vodneva et al., 2014, 

Tsoutsouki et al., 2022). Hence, the assessment of the cytokine profile, placental development 

and functioning was critical. This study is the first to report altered kisspeptin levels in COVID-

19 pregnancies, thus possibly providing a link to the cytokine storm, and to vascular and 

inflammatory placental alterations observed globally. Therefore, the data presented in this 

study forms the basis of evidence for possible altered placental development and functioning 

in COVID-19 pregnancies.  

 

5.1.1 Assessing the impact of COVID-19 on the placental morphology 

The review conducted in this study has focused on highlighting the impact COVID-19 had on 

placental morphology in detail. This review has critically evaluated the pathophysiological 

impact of COVID-19 on the placenta by reviewing the histopathological changes observed. 

These vascular and inflammatory alterations reported worldwide were then further linked to 

the gestational outcomes and complications that have occurred, including the increased 

prevalence of preeclampsia and preterm births. The implications of the COVID-19 vaccine and 

therapeutic interventions on pregnancy have elucidated in this study, with thoughts and 

recommendations for future studies to consider. From this review, it is evident that COVID-19 
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has severely impacted pregnancies by predisposing women to complications and altering the 

placental pathology. This is what formed the basis for our subsequent experiments.  

Thereafter, the impact of contracting COVID-19 during pregnancy on the cytokine profile was 

examined due to the inflammatory nature of this virus, possibly life-threatening to pregnant 

women (Rosen et al., 2022). In addition, the review has hypothesized that any alterations in 

this immune response could possibly be linked to the placental dysfunction observed in 

COVID-19 pregnancies. As a result,  the second aim of this study was undertaken, which was 

to identify how pregnant South African women were impacted by severe immune dysregulation 

in the form of a cytokine storm and to identify if EVs played a role in this storm. It has been of 

particular interest to investigate this impact within the context of the Black South African 

cohort due to the immunocompromised nature within this cohort, as a result of the increased 

prevalence of HIV and preeclampsia.  

 

5.1.2  Evaluation of the cytokine profile in the plasma and EVs  

The cytokine profile in the plasma and EVs of the pregnant Black South African women were 

investigated in Manuscript Two of this study (Chapter Three- Aim Two). Notably, pregnancy 

is considered an inflammatory state, with cytokines aiding in numerous processes for optimal 

functioning  (Phoswa and Khaliq, 2020, Zanza et al., 2022). However, dysfunction arises when 

they are produced in excess, thus resulting in the cytokine storm (Phoswa and Khaliq, 2020, 

Zanza et al., 2022). EVs have also been linked to this storm due to their ability to release 

cytokines, which possibly contribute to dysfunction in the immune response (Jung et al., 2020). 

Furthermore, EVs and their role in pregnancy have become of great relevance due to their 

association with viral transmission, with alterations in their cargo being linked to gestational 

diseases, thereby making them pertinent in COVID-19 pregnancies (Konadu et al., 2015, 

Babaei et al., 2022). A dysregulated immune response has been reported in pregnancies 

worldwide so in the South African cohort, it was critical to assess the cytokine profile in the 

plasma and EVs from these COVID-19 pregnancies. 

The quantification of plasma and EV proinflammatory cytokines and chemokines (IL-6, IFN-

γ, TNF-α, and MIP-1α) were selected for investigation due to their apparent link and role in 

critical gestational processes and the cytokine storm (Fenizia et al., 2020). Analysed data from 

this study indicated increased IL-6, IFN-γ, TNF-α, and MIP-1α levels in the plasma and EVs 

content, together with EVs fraction level of IFN-γ levels in COVID-19-positive pregnant South 



 98 

African women. This suggests that the cytokine profile is impacted in both the plasma and EVs 

of pregnant women, importantly linking EVs to COVID-19 pathogenesis in pregnancy. Such 

an imbalance in the cytokine profile is indicative of a pro-inflammatory state in COVID-19-

positive pregnancies. This is concerning due to hyperinflammation being linked to the 

predisposition of gestational complications, including IUGR, preterm birth, preeclampsia, 

stillbirth, and further dangers to foetal development (Fenizia et al., 2020, Rosen et al., 2022). 

Therefore, the findings from this study could be further linked to the increased prevalence of 

low birthweight, neonatal distress, foetal abnormalities and death observed in COVID-19 

positive pregnancies. Furthermore, this is suggestive that COVID-19 infection during 

pregnancy results in an imbalance in Th1 and Th2 responses. The proinflammatory Th1–type 

immune response is considered to be incompatible with pregnancy, leading to concerns for 

optimal placental development and functioning in these pregnancies (Raghupathy, 1997, Vesce 

et al., 2022). This proinflammatory state also increases the risk of cytokine passing through the 

placenta, suggesting that this altered cytokine profile observed in COVID-19 pregnancies is 

linked to the placental alterations observed worldwide. This study suggests that this 

hyperinflammatory state has the ability to impact the placenta, as well as its development and 

functioning, and ultimately to foetal health. 

 

5.1.3 Elucidating the impact of COVID-19 on placental functioning and development in 

the South African cohort 

The effect of COVID-19 on pregnant women has been significant, as this virus made mothers 

more susceptible to complications due to exposure to hypoxic and inflammatory conditions 

(Cavezzi et al., 2020, Granja et al., 2021). Subsequently, studies globally have reported that 

COVID-19 infection during pregnancy results in vascular and inflammatory placental 

alterations. In some of these studies, signs of inflammation and malperfusion were documented 

in the placentae from these pregnancies (Jamieson and Rasmussen, 2021, Wastnedge et al., 

2021). However, the mechanism through which COVID-19 could have potentially caused these 

alterations had not yet been investigated in South Africa (Dubucs et al., 2022, Londhe et al., 

2024). Therefore, Manuscript Three (Chapter Four- Aim 3) of this study has focused on how 

placental development and functioning were impacted by COVID-19 infection. It also assessed 

any placental morphological alterations that could have emerged in the South African 

population.  
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The present study hypothesizes that placental development could have been impacted by 

COVID-19 infection during pregnancy, thereby resulting in impaired placental functioning. 

This subsequently resulted in assessment of kisspeptin in the placentae from COVID-19 

pregnancies as kisspeptin plays a critical role in implantation, thereby influencing placental 

development and functioning (Hu et al., 2019a). This study found a significantly altered 

expression in kisspeptin levels in placentae from COVID-19 pregnancies using  

immunohistochemistry. This observation suggests COVID-19’s direct involvement in 

dysregulating key gestational processes during placental development, which is instrumental 

for proper vascular remodelling, oxygenation of the foetus, and essentially a safe, healthy 

pregnancy. These alterations, therefore, illustrate that COVID-19 may have predisposed 

mothers to placental dysfunction via altering kisspeptin levels. Such alterations have also been 

linked to preterm birth, preeclampsia, IUGR, and miscarriage, thereby further indicating that 

COVID-19 could increase the risk of developing these gestational complications. Our findings 

included observations that 50% of the neonates from COVID-19 positive pregnancies were 

born prematurely or presented with abnormalities and died, whilst no abnormalities or deaths 

were noted in neonates from COVID-19 negative pregnancies. These findings also suggest that 

altered kisspeptin levels may be the underlying mechanism for the placental dysfunction 

observed in other cases, which also manifested as vascular and inflammatory alterations in the 

South African population. Importantly, these alterations in kisspeptin levels could therefore, 

be the underlying cause for the foetal anomalies that are currently arising as a result of  

placental dysfunction observed in these pregnancies. These observations can also be useful for 

therapeutic interventions for these infants in later years.  

This study shows that COVID-19 altered the cytokine profile in South African pregnancies, 

possibly impacting placental development by altered kisspeptin levels, consequently affecting 

optimal placental functioning. This could be why extensive alterations in the placental 

morphology were observed indicating that the placenta was not functioning optimally in the 

COVID-19 pregnancies. 

5.2 Conclusion 

The findings presented have identified an altered cytokine profile in pregnancies impacted by 

the COVID-19 infection in a South African cohort. This presented as an increase in IFN 

gamma, IL-6, MIP-1 alpha, and TNF alpha plasma and EV content levels. Further investigation 

revealed an elevated EV fraction level of IFN-γ in response to the COVID-19 infection during 
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pregnancy. In addition, this study is the first to report elevated kisspeptin expression in the 

placentae from COVID-19-positive pregnancies in South Africa. Such an imbalance in 

kisspeptin levels is associated with placental development and functioning. Therefore, this is 

linked to the vascular (intervillous thrombosis, increased fibrin deposition, chorangiosis) and 

inflammatory (chronic villitis, villous edema) alterations observed in these placentae, verifying 

impaired placental functioning. This could be further linked to the elevated pro-inflammatory 

cytokine profile identified in the plasma and EVs of these mothers. Importantly, the impaired 

placental functioning observed in COVID-19 pregnancies in this study sheds light on why such 

severe morphological alterations were present. This altered placental functioning observed in 

COVID-19 pregnancies in this study suggests that foetal development could be impacted in 

these pregnancies. These findings could therefore be linked to the foetal abnormalities and 

neurodevelopmental issues that are arising. Therefore, the observations made in this study 

warrant investigation into the health of these neonates from COVID-19 pregnancies. Children 

from such pregnancies must be monitored for any neurodevelopmental disorders that can arise 

according to our observations. Furthermore, our findings could be utilised to establish 

prognostic, diagnostic, and therapeutic interventions for future impending viral pandemics. 

5.3 Recommendations 

Future research should focus on elucidating the mechanisms through which these alterations 

observed in COVID-19 pregnancies could impact foetal neurodevelopment. Understanding 

these mechanisms will be crucial for developing future targeted therapies to prevent and treat 

emerging foetal abnormalities that are now arising. Additionally, ongoing monitoring of infants 

born from these pregnancies is recommended to enable early detection and intervention for any 

developmental concerns. Furthermore, studies investigating the angiogenesis in these 

pregnancies are already underway, providing valuable insight into how impaired placental 

development influences vascular formation.  

5.4 Limitations of the study 

Even though the present study concurs with other studies that COVID-19 impacts the cytokine 

profile, placental development and functioning in South African pregnancies, further validation 

in a larger patient cohort is required, as this study experienced challenges in obtaining samples 

during the last wave of COVID-19. Nevertheless, this study has formed a foundation for 

establishing the severity of the impact of COVID-19 on South African pregnancies, and has 

shed light on the challenges faced by these women during a pandemic in a developing country. 
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5.5 Summary of Findings 

• COVID-19 infection during pregnancy significantly impacts the pro-inflammatory 

cytokine profile in the South African cohort by altering plasma and extracellular vesicle 

cytokine levels. 

• COVID-19 increases the IL-6, IFN-γ, TNF-α, and MIP-1α levels in the plasma and EVs 

content of pregnant women. 

• COVID-19 infection during pregnancy significantly increases the IFN-γ EV fraction 

levels. 

• COVID-19 infection does not impact the average particle size and concentration of 

extracellular vesicles in pregnant women.  

• COVID-19 increases the placental kisspeptin expression with implications on placental 

development and function. As a result, vascular and inflammatory alterations are 

present in the placentae from COVID-19 pregnancies. 

• These findings are possibly linked to the increased prevalence of premature birth, 

neonatal distress, foetal abnormalities and death in pregnant women with COVID-19 

• Infants from these pregnancies need to be monitored in the future. 
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