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Abstract

Pregnancy is an inflammatory process that is carefully regulated by the placenta via 
immunomodulation and cell-to-cell communication of maternal and fetal tissues. Exosomes, 

types of extracellular vesicles, facilitate the intercellular communication and traffic biologically 

modifying cargo within the maternal-placental-fetal axis in normal and pathologic pregnancies. 

Chorioamnionitis is characterized by inflammation of chorioamniotic membranes that produces 

systemic maternal and fetal inflammatory responses of cytokine dysregulation and has been 

associated with brain injury and neurodevelopmental disorders. This review focuses on how 

pathologic placental exosomes propagate acute and chronic inflammation leading to brain 

injury. The evidence reviewed here highlights the need to investigate exosomes from pathologic 

pregnancies and those with known brain injury to identify new diagnostics, biomarkers, and 

potential therapeutic targets.
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1. Introduction

In utero inflammation leading to perinatal brain injury (PBI) contributes directly to 

neurodevelopmental disorders and long term central nervous system (CNS) injuries, such as 

cerebral palsy (CP) (Anblagan et al., 2016; Dammann & Leviton, 1997; Leviton et al., 2016; 

O’Shea et al., 2012; Venkatesh et al., 2020). Chorioamnionitis is a common etiology of in 
utero inflammation and is known to elicit a fetal inflammatory response syndrome (FIRS) 

via the maternal-placental-fetal axis (Cappelletti et al., 2020; Kallapur et al., 2014; Romero 

et al., 2016). The development of FIRS contributes to PBI by leading to a systemic and 

neurotoxic inflammatory response during a critical period of neurodevelopment (Salas et al., 
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2013; Tang et al., 2019). Though immune and cytokine dysregulation certainly contribute 

to the inflammatory response, the underlying mechanisms facilitating inflammatory signal 

transduction and modes of cellular communication are poorly understood (Jung et al., 2020; 

Madsen-Bouterse et al., 2010). There is increasing evidence that extracellular vesicles, 

specifically exosomes, play a large role in immune modulation, cell-to-cell signaling, and 

transportation of both immunostimulatory and immunoinhibitory cargo (i.e. micro-RNA) 

that are integral to the systemic and neuroinflammatory cascade of acute chorioamnionitis 

and brain injury (Gupta & Pulliam, 2014; Monsivais et al., 2020; Pillay et al., 2017; 

Salomon & Rice, 2017).

2. Chorioamnionitis

Chorioamnionitis refers to inflammation of the chorioamniotic membranes (Kim et al., 

2015). Though inflammation can occur under sterile conditions (Roberts et al., 2012; 

Romero et al., 2014), infectious pathogenesis predominantly occurs via an ascending 

infection from the lower genital tract during pregnancy (Kim et al., 2015). Acute 

chorioamnionitis has a broad clinical diagnosis as well as a more definitive histopathologic 

diagnosis. For the purposes of this review, we will refer to both clinical chorioamnionitis and 

histologic chorioamnionitis separately. Clinical chorioamnionitis was recently redefined as 

“Intrauterine Inflammation and/or Infection” (Triple I) to more uniformly define the variable 

clinical manifestations (Higgins et al., 2016). This definition delineates between “isolated 

maternal fever”, “suspected Triple I” (maternal fever plus fetal tachycardia, maternal 

leukocytosis, and/or purulent cervical discharge), and “confirmed Triple I” (maternal fever, 

symptoms, and microbiologic or histopathologic evidence of infection/inflammation of the 

amniotic fluid or placenta (Higgins et al., 2016). Histologic chorioamnionitis is defined as 

neutrophil infiltration of any element of the choriodecidual space (Redline et al., 2003). 

These are maternally derived neutrophils that migrated from the decidua in response to 

inflammation and are not usually present in the chorioamniotic membranes (Kim et al., 

2015). This is in contrast to funisitis (inflammation of the umbilical cord), in which the 

infiltrating neutrophils are of fetal origin and is associated with more severe CNS injury 

and neurodevelopmental impairment (Salas et al., 2013; Kim et al., 2015). Intra-amniotic 

inflammation is associated with significantly higher expression of both pro- and anti-

inflammatory cytokines and chemokines (Romero et al., 2016). The resulting inflammation 

increases the risk of preterm labor, spontaneous preterm delivery, and premature rupture of 

membranes (PROM), as well as a fetal inflammatory response syndrome that can transition 

to postnatal systemic inflammatory response syndrome or early-onset sepsis (Cappelletti et 

al., 2020; Kallapur et al., 2014; Tang et al., 2019; Romero et al., 2007; Lee et al., 2013). All 

of which are significant sequelae of chorioamnionitis as prematurity, FIRS, and early-onset 

sepsis are all associated with increased risk of perinatal brain injury and neurodevelopmental 

impairment (Tang et al., 2019; Mukhopadhyay et al., 2020; Volpe, 2009).

3. Association between chorioamnionitis and brain injury

Chorioamnionitis has been associated with increased risk for CP, intraventricular 

hemorrhage, periventricular leukomalacia, perinatal arterial ischemic stroke, autism 

spectrum disorder, and epilepsy (Anblagan et al., 2016; Dammann & Leviton, 1997; 
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Venkatesh et al., 2020; Leviton et al., 2010; Sorg et al., 2020; Redline & O’Riordan, 

2000). CP is a lifelong motor and neurodevelopmental disorder with a wide variety of 

clinical manifestations including disorders of movement and posture, chronic pain, epilepsy, 

as well as cognitive and behavioral disorders (Aisen et al., 2011). The Extremely Low 

Gestational Age Newborn (ELGAN) study demonstrated that isolation of microorganisms 

from the placenta increased risk for the development of white matter injury and CP at 2 

year follow up evaluation (Leviton et al., 2010). Additionally, evidence of chorioamniotic 

membrane inflammation and sustained postnatal elevation of inflammation-related proteins, 

correlated with neonatal ventriculomegaly as well as CP (Leviton et al., 2016; O’Shea et 

al., 2012; Leviton et al., 2010). At 10 years of life, the investigators found that histologic 

chorioamnionitis was associated with increased risk of CP, autism spectrum disorder, and 

epilepsy (Venkatesh et al., 2020).

ELGANs also had elevated concentrations of inflammation-related proteins including 

interleukin-1β (IL-1β), tumor necrosis factor alpha (TNF-α), and C-reactive protein (CRP), 

proportional to the severity of histologic chorioamnionitis (Hecht et al., 2011; Leviton et 

al., 2011a). Similarly, a recent study showed that higher elevation of CRP in the immediate 

postnatal period was significantly associated with histologic chorioamnionitis and correlated 

with the degree of severity (Ryan et al., 2020). In further studies, the investigators also found 

that ELGANs with elevated inflammatory cytokine levels of IL-6 and TNF-α on day of 

life 1, were nearly twice as likely to demonstrate sustained cytokine elevation through the 

end of the first month of life (Dammann et al., 2016). Sustained elevation throughout the 

first postnatal month, placed newborns at increased risk for developing ventriculomegaly, 

intraventricular hemorrhage, and/or white matter damage, as well as neurodevelopmental 

impairment (O’Shea et al., 2012; Leviton et al., 2013; Leviton et al., 2011b). Another 

study showed that premature infants exposed to histologic chorioamnionitis had increased 

risk for severe intraventricular hemorrhage and when compounded with an additional 

placental injury, there was increased risk of poor neurodevelopmental outcomes (Kaukola 

et al., 2006). The risk of developing cerebral palsy was associated with severe histologic 

chorioamnionitis and similarly increased with additional placental abnormalities (Redline & 

O’Riordan, 2000). Children with cerebral palsy were significantly associated with a history 

of histologic chorioamnionitis and were more likely to have spastic diplegic subtype as well 

as periventricular white matter injury (Shevell et al., 2014). Multiple meta-analyses show an 

increased risk in the development of CP in infants born to mothers with evidence of clinical 

and/or histologic chorioamnionitis (Ayubi et al., 2021; Shatrov et al., 2010; Shi et al., 2017a; 

Wu & Colford Jr., 2000). These data suggest that infants born in the setting of histologic 

chorioamnionitis produce a significant postnatal systemic inflammatory response that may 

be sustained for weeks and ultimately contribute to structural and functional brain injury 

(Kuban et al., 2015).

4. Mechanisms of inflammatory signal transduction between placenta and 

developing brain: cytokines

The fetal inflammatory response syndrome is defined as histopathologic funisitis and/or 

elevated acute phase reactant, IL-6, in umbilical cord plasma or serum (Jung et al., 2020; 
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Gomez et al., 1998; Gotsch et al., 2007). The degree of fetal inflammatory response by 

histologic severity correlated with higher mortality and neurodevelopmental impairment 

(Salas et al., 2013). Transcriptome and proteosome analyses of FIRS demonstrated increased 

concentrations of pro-inflammatory chemokines and cytokines including IL-8, chemokine 

(C-X-C motif) ligand 6 (CXCL-6), CXCL-10, IL-1, TNF-α, IL-6, and chemokine (C-C 

motif) ligand 2 (CCL2) (Madsen-Bouterse et al., 2010). Pro-inflammatory chemokines such 

as IL-8 and CXCL-6 create a large chemotactic gradient, inducing neutrophil migration into 

the chorioamniotic membranes and amniotic fluid (Mittal et al., 2008). This promotes a type 

of feed-forward inflammatory cascade whereby recruited and activated neutrophils express 

the chemokine receptor CXCR2, a receptor for IL-8 and CXCL-6, which furthers neutrophil 

recruitment (Cappelletti et al., 2020; Mittal et al., 2008; Kolaczkowska & Kubes, 2013; 

Sadik et al., 2011; Tecchio et al., 2014; Yoon et al., 1997). Our previous work demonstrated 

excess CXCL1/CXCR2 signaling within both the placenta and developing brain in our 

model of CNS injury associated with chorioamnionitis in rats (Jantzie et al., 2014; Jantzie 

et al., 2015; Maxwell et al., 2015; Yellowhair et al., 2018). In addition to preterm labor, 

preterm PROM (PPROM), and preterm delivery (Romero et al., 2007; Keelan, 2018; Kemp, 

2014), FIRS is associated with increased rates of neonatal morbidities and multisystemic 

involvement including neonatal sepsis, bronchopulmonary dysplasia (BPD), retinopathy of 

prematurity, necrotizing enterocolitis, as well as brain injury (Tang et al., 2019; Jung et al., 

2020; Gomez et al., 1998; Gotsch et al., 2007).

The pathogenesis of PBI and neurodevelopmental disorders in the setting of the fetal 

inflammatory response is actively being investigated. The prevailing notion is that an 

intermittent or sustained inflammatory response primes the fetus and neonate for a multi-

hit model of brain injury with in utero and postnatal as well as acute and chronic 

inflammation and immune dysregulation (Leviton et al., 2016; Dammann & Leviton, 2014; 

Korzeniewski et al., 2014). Importantly, there is evidence that alterations in major white 

matter tracts from antenatal inflammation exposure originates in utero, independent of 

gestational age or other predictors of neurodevelopmental impairments such as postnatal 

sepsis or bronchopulmonary dysplasia (Anblagan et al., 2016).

Pro-inflammatory cytokines can cause both direct and indirect injury to the developing 

brain. Infants with both histologic chorioamnionitis and FIRS had a higher incidence of 

brain injury than those with histologic chorioamnionitis alone (Lu et al., 2016). Those 

infants with brain injury had significantly higher levels of umbilical cord cytokines; levels 

of which also correlated with higher grades and stages of histologic chorioamnionitis (Lu et 

al., 2016). In this setting of neuroinflammation, there is evidence of increased permeability 

of the blood-brain barrier to immune cells as well as further production of pro-inflammatory 

cytokines by astrocytes and microglia (Brochu et al., 2011; Girard et al., 2010; Kuypers et 

al., 2012; Gilles & Leviton, 2020). Activated microglia, sustain the inflammatory response 

by releasing cytokines and cytotoxic mediators such as reactive oxygen and nitrogen 

species, that cause direct white matter injury via apoptosis and loss of oligodendrocyte 

precursors (Yap & Perlman, 2020; Zhang et al., 2018; Volpe et al., 2011). The remaining 

oligodendrocyte precursors exhibit dysregulated maturation by failing to myelinate axons 

(Yap & Perlman, 2020; Buser et al., 2012). Additionally, the immature oligodendrocytes are 

more susceptible to further neuroinflammatory damage from free radicals and excitotoxicity 
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(Kuypers et al., 2012; Yap & Perlman, 2020; Volpe et al., 2011; Chau et al., 2014). Though 

much work has been done to understand the pathophysiology of PBI in the setting of 

chorioamnionitis, the underlying molecular mechanisms eliciting inflammation through the 

placental-fetal-brain axis remain unknown and therefore lack therapies to mitigate CNS 

injury.

5. Mechanisms of inflammatory signal transduction between placenta and 

developing brain: Exosomes

Exosomes may be important mediators of perinatal inflammation and brain injury in the 

setting of chorioamnionitis. Originally investigated for their role in tumorigenesis, exosomes 

have since been found to assist in immune modulation, intercellular communication and 

signaling, and post-transcriptional modification (Atay et al., 2011; Kalluri & LeBleu, 2020; 

Record, 2014). Exosomes are a type of extracellular vesicle that are approximately 30–

150 nm in size (Kalluri & LeBleu, 2020). They are endosome-derived vesicles that are 

stored with other intraluminal vesicles within multivesicular bodies (Kalluri & LeBleu, 

2020). Exosomes undergo two sequential invaginations, thereby allowing the origin cell 

membrane’s receptors and proteins to remain external (Anand, 2010). This allows for 

identification of the origin cell, but also for the ability of a cell to signal or alter another 

cell at great distances, even between mother and fetus (Anand, 2010; Sheller-Miller et al., 

2019a).

Exosomes are produced by multiple cell types, including neural cells, astrocytes, microglia, 

tumor cells, epithelial cells, immune cells, as well as the endometrium and placental 

trophoblasts (Jin & Menon, 2018; Andjus et al., 2020; Gharbi et al., 2020). They are created 

by various cells in response to different physiologic states (Sheller et al., 2016). As a result, 

exosomes encapsulate a unique composition of cellular proteins, lipids, messenger RNA 

(mRNA), and micro-RNA (miRNA), that are unique to that cell under specific conditions, 

such as oxidative stress or infection (Sheller et al., 2016; Delorme-Axford et al., 2013). 

This key aspect of an exosome’s modifiable and unique cargo makes them ideal as potential 

biomarkers, reflecting the physiologic state of the origin cell (Pillay et al., 2017; Jin & 

Menon, 2018). The mechanisms underlying cargo packaging are not yet fully understood 

(van Niel et al., 2018). Once exosomes are secreted, they exhibit both autocrine and 

paracrine signaling and can interact in several ways with local and distant cells, as well 

as cross the blood-brain barrier (Sheller-Miller et al., 2019a; Alvarez-Erviti et al., 2011). 

Exosomes may bind with the recipient cell either by receptor-ligand interaction, fusion, or 

internalization, thereby releasing their contents and enacting functional changes (Anand, 

2010; Valadi et al., 2007; Luo et al., 2009).

6. Exosomes in pregnancy

Exosomes are integral to maternal-fetal communication and modulate the physiologic and 

pathologic inflammation of pregnancy. As pregnancy, parturition, and related complications 

such as preterm labor, preeclampsia, gestational diabetes, and chorioamnionitis are rooted 

in immune dysregulation and inflammation, the role of exosomes in these processes 

is being studied (Gomez-Lopez et al., 2019; Kohli et al., 2016; Radnaa et al., 2021; 
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Salomon et al., 2016; Sheller-Miller et al., 2019b). Placental-derived exosomes have 

been shown to assist with embryo implantation, placental angiogenesis, and immune 

modulation, which allows the semi-allogenic fetus to survive and grow (Stenqvist et al., 

2013; Hedlund et al., 2009; Sabapatha et al., 2006; Salomon et al., 2013). For example, 

placental trophoblast exosomes induce the pro-inflammatory phase of early pregnancy 

by recruiting monocytes and stimulating the production of pro-inflammatory cytokines 

including IL-1β, TNF-α, and monocyte chemoattractant factor-1 (MCP-1/CCL2) (Atay 

et al., 2011). These cytokines have significant overlap with the inflammatory molecules 

directly implicated in the pathophysiology of FIRS and PBI (Gilles & Leviton, 2020; 

Yap & Perlman, 2020). Conversely, during the immunosuppressive, maintenance phase of 

pregnancy placental exosomes expressed both Fas ligand and programmed death ligand-1, 

which suppress maternal T-cell signaling at the maternal-fetal interface, allowing for fetal 

tolerance (Sabapatha et al., 2006). In addition to acting locally at the maternal-fetal 

interface, exosomes can be trafficked back and forth between mother and fetus and induce 

functional changes (Sheller-Miller et al., 2019a). Human placental trophoblast cells are able 

to internalize maternal macrophage-derived exosomes, which stimulate placental release of 

pro-inflammatory cytokines such as IL-6 and IL-8 (Holder et al., 2016). In an animal model 

of gestational diabetes, maternal-derived exosomes were able to cross the maternal-fetal 

barrier into the fetus and elicit cardiac developmental deficiencies such as ventricular septal 

defect, myocardial hypertrophy, and ventricular hypoplasia (Shi et al., 2017b).

7. Exosomes in pathologic pregnancies

The function and composition of placental exosomes are modified by, and contributes to, 

pathologic inflammatory states of pregnancy (Burkova et al., 2021; Czernek & Düchler, 

2020). For example, miR-210 and miR-155 expression are both elevated in placenta 

exosomes of preeclamptic pregnancies (Biró et al., 2019; Shen et al., 2018). miR-210 is 

associated with impairment of trophoblast invasion and miR-155 may inhibit endothelial 

nitric oxide synthase expression, both of which are pathological alterations of preeclampsia 

(Biro et al., 2019´ ; Shen et al., 2018). Of note, a recent study showed that the differential 

expression of exosomal miRNA isolated from plasma of mothers with preeclampsia was 

even different than the miRNA isolated from whole plasma, highlighting the selectivity of 

exosomal cargo trafficking (Li et al., 2021).

Under oxidative stress or hyperglycemia, placental exosomes increase and activate 

monocytes and macrophages, stimulating proinflammatory cytokine release and resulting 

in a maternal systemic inflammatory response that contributes to many pathologies of 

pregnancy including preeclampsia, gestational diabetes, and chorioamnionitis (Pillay et al., 

2017; Familari et al., 2017). Placental exosomes isolated from pregnancies complicated by 

gestational diabetes demonstrated differentially expressed miRNA profiles (Zhang et al., 

2021) as well as increased release of pro-inflammatory cytokines (IL-6, IL-8, IFN-γ, and 

TNF-α) by endothelial cells (Burkova et al., 2021; Czernek & Düchler, 2020). Human 

umbilical cord serum, human umbilical vein endothelial cells, and placenta exposed to 

in utero maternal diabetes, had altered amounts and types of exosomal miRNA that are 

associated with metabolic pathways (Shah et al., 2021). Amnion epithelial cell-derived 

exosomes increased secretion of pro-inflammatory cytokines (IL-6, IL-8, prostaglandin E2 
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(PGE2), and nuclear factor-κβ (NF-κβ), inducing labor-promoting changes in maternal 

myometrial and decidual cells in vitro (Hadley et al., 2018). These studies further highlight 

the breadth of maternal-fetal communication and how exosome trafficking and their 

cargo contribute to feed-forward maternal-fetal inflammatory cascades similarly seen in 

chorioamnionitis. They also emphasize a novel route of communication and trafficking of 

inflammatory cargo that may be integral to the pathophysiology of PBI.

It is important to note that human amnion epithelial cells and their exosomes also exhibit 

anti-inflammatory effects and are currently being studied as invivo therapies for a multitude 

of disease states (Papagianis et al., 2021; Siahanidou & Spiliopoulou, 2020; Thomi et al., 

2019). Their ability to regulate inflammation likely stems from the pluripotency of human 

amnion epithelial cells, their ability to beneficially regulate cellular microenvironments with 

secretion of beneficial trophic factors, and because therapeutic cells and their exosomes are 

harvested from placentas of women with uncomplicated pregnancies (Zhang & Lai, 2020). 

These studies further suggest that the physiologic state of the cell of origin contributes 

significantly to exosomal function. Undoubtedly, exosomes as novel, anti-inflammatory 

therapeutics are an important topic for future review.

Similarly, placental exosomes can be involved in placental angiogenesis or endothelial 

dysfunction depending on the underlying physiologic state of the pregnancy. Hypoxic 

conditions led to increased release of placental mesenchymal stem cell-derived exosomes 

(Salomon et al., 2013). These isolated exosomes promoted endothelial cell migration and 

tube formation in an in vitro study using human placental microvascular endothelial cells 

(Salomon et al., 2013). Similarly, placental mesenchymal stem cell exosomes were shown 

to contain angiogenesis-related growth factors and demonstrated pro-angiogenic activity of 

endothelial cells in vitro and in vivo (Komaki et al., 2017). The abnormal placentation 

that underlies preeclampsia, increases oxidative stress, thereby increasing the release of 

placental exosomes (Pillay et al., 2017; Salomon et al., 2013). Placental exosomes isolated 

from patients with preeclampsia were shown to release anti-angiogenic factors endoglin and 

FMS-like tyrosine kinase 1 (Flt-1), which are suspected to play a role in the development 

of preeclampsia by reducing the proliferation and tube formation of endothelial cells (Chang 

et al., 2018; Tannetta et al., 2013). Those isolated exosomes were injected into pregnant 

mice, which induced vascular dysfunction and a preeclampsia-like phenotype consisting of 

maternal hypertension, decreased birth weights, and decreased surviving embryos per litter 

(Chang et al., 2018; Tannetta et al., 2013). These studies highlight the unique ability of 

exosomes to promote maternal-fetal crosstalk and intercellular signaling to enact significant 

functional changes as well as immunomodulation locally and at distant organs including the 

brain.

8. Exosomes in perinatal brain injury

Exosomes have been implicated in neuroinflammation and may contribute to perinatal 

brain injury via the placental-fetal-brain axis. There is a paucity of research on the 

impact of placental exosomes in chorioamnionitis. However, based upon recent and related 

literature, there is biological plausibility that placental exosomes may be integral to the 

pathophysiology of perinatal brain injury. A single study recently investigated potential 
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biomarkers from fetal membrane-derived exosomes in the setting of inflammation and 

infection to better assess risk of preterm labor or PPROM (Monsivais et al., 2020). The 

study demonstrated increased and differential expression of unique exosomal proteins in 

response to either infectious (lipopolysaccharide (LPS)) or inflammatory (TNF-α) stimuli, 

further suggesting exosomes’ role within placental inflammatory pathologies (Monsivais et 

al., 2020). Based upon prior work (Yellowhair et al., 2018) our lab also explored whether 

exosome trafficking, as opposed to cytokine production, might account for the transmission 

of inflammatory signaling within the placental-fetal-brain axis. As described earlier, CXCL1 

levels were highly elevated within the placentae and developing brain in our model of CNS 

injury associated with chorioamnionitis (CHORIO) (Jantzie et al., 2014; Jantzie et al., 2015; 

Maxwell et al., 2015). Sham or CHORIO placental explants were cultured on inserts and 

placental conditioned media (PCM) assayed for toxic mediators and inflammatory drivers. 

CHORIO placentas secreted more IL-1β, TNF-α, and CXCL1 compared to sham placentas 

(Figs. 1A-B). To determine the effect of CHORIO PCM on the developing brain, PCM from 

naive or CHORIO placental explants was cultured with postnatal day 2 (P2) brain slices. 

PCM from CHORIO placental explants induced high CXCL1 levels in brain slices but did 

not alter brain levels of TNF-α or IL-1β (Fig. 1C). To confirm whether cytokines themselves 

or placental-derived exosomes were able to induce brain CXCL1 expression, exosomes 

were isolated from CHORIO PCM. Exosomes from CHORIO placentas elevated CXCL1 

mRNA in P2 brain slices. Brain CXCL1 mRNA levels are reduced by blockade of exosome 

release using the exosome generation inhibitor GW4869, indicating dampened CHORIO-

induced inflammation (Fig. 2A). Accordingly, blockade of exosome generation improved 

neural cell health and preserved developmental trajectory as evidenced by increased gamma-

amino-butyric acid A receptor (GABAAR) subunit ɣ2 mRNA in P2 brain slices cultured 

with exosome depleted PCM compared to exosome containing PCM (Fig. 2B). Taken 

together, these data demonstrated that blockade of placental exosome generation dampens 

chorioamnionitis-induced increases in brain CXCL1 and may improve the trajectory of 

neural cell development (Fig. 3).

9. Exosomes in neuroinflammation

Exosomes have also been implicated in other contexts of systemic and neuroinflammation 

that would suggest a possible role in perinatal brain injury. During pathological states, 

peripheral exosomes, selectively containing aberrant miRNA and neurotoxic cargo, can 

travel to neural cells and repress or dysregulate specific gene expression (Gupta & Pulliam, 

2014). Trafficked exosomes may also induce neuroinflammation by the stimulation of 

recipient cells to secrete pro-inflammatory cytokines. For example, the increased exosomes 

isolated from serum of children with autism spectrum disorder, stimulated microglia to 

produce the proinflammatory cytokine IL-1β (Tsilioni & Theoharides, 2018). In an animal 

model of BPD, the alveolar-derived exosomes from neonatal rats exposed to hyperoxia not 

only induced the pathological lung changes of BPD, they also were found to cross the blood-

brain barrier and induce neuroinflammatory damage (Ali et al., 2021). Locally, activated 

monocytes and macrophages can cross the blood brain barrier and secrete exosomes, 

which are internalized by neural cells such as astrocytes. Exosomes then cause neuronal 

dysfunction via the release of dysregulated proteins and mRNA (Gupta & Pulliam, 2014).
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Exosomes are also involved in neural development, regeneration, and disease. LPS-induced 

neutrophil exosomes secreted increased miRNA-122, which reduced occludin expression 

leading to decreased integrity and increased permeability of the blood brain barrier (Li et 

al., 2021). In an in vitro and in vivo model of glaucoma, exosomes from retinal microglia 

exposed to elevated hydrostatic pressure were shown to sustain inflammatory activation of 

other retinal microglia and induce retinal neurodegeneration (Aires et al., 2020). Healthy 

mice injected with exosomes from serum of LPS-challenged mice induced microgliosis and 

astrogliosis in response to elevated pro-inflammatory cytokine and miRNA expression (Li 

et al., 2018). Microglia and astrocytes themselves also release their own exosomes and have 

been implicated in neuroinflammation and neurodegeneration (Andjus et al., 2020; Gharbi 

et al., 2020). Astrocyte-derived exosomes have been shown to induce neuroinflammation 

via toll-like receptor 4 (TLR4) activation (Ibáñez et al., 2019). Exosomes isolated from 

activated microglia induced dopaminergic neurodegeneration, akin to the pathophysiology 

of Parkinson’s disease (Tsutsumi et al., 2019). Another study showed that exosomes 

released from microglia exposed to inflammatory stimuli transiently fuse with neurons 

and transfect miRNA, leading to alterations of synaptic structure and decreased dendritic 

spines (Prada et al., 2018). This demonstrates a mechanism by which exosome-mediated, 

intercellular neuroinflammation and neurodegeneration propagates. Additionally, microglia-

derived exosomes have been implicated in Alzheimer’s disease and amyotrophic lateral 

sclerosis, by storing and transmitting pathogenic proteins including amyloid β peptides and 

protein Tau, as well as mutated superoxide dismutase 1, respectively (Andjus et al., 2020; 

Kim et al., 2020). In veterans with a remote history of traumatic brain injury and cognitive 

impairment, CNS-derived exosomes demonstrated increased concentrations of inflammatory 

cytokines IL-6 and TNF-α, decades from the original injury (Peltz et al., 2020). Similarly, a 

recent study demonstrated that exposure to prenatal inflammation using a preclinical model 

of CP led to a chronically hyper-reactive and maladaptive immune system that persisted into 

adulthood (Kitase et al., 2021). Immune dysfunction consisted of elevated pro-inflammatory 

cytokines including IL-1β, TNF-α, IL-6, MCP-1 and CXCL1 that continued until juvenile 

equivalent ages, while primed peripheral blood mononuclear cells remained hyper-reactive 

into adulthood with concomitant pro-inflammatory secretome (Kitase et al., 2021). This 

study suggests that inutero inflammation not only leads to acute perinatal brain injury but 

may continue lifelong in those with CP by exacerbating present damage and sensitizing 

the brain to persistent injury (Kitase et al., 2021). Importantly these data match studies in 

humans showing altered inflammatory responses that persist for at least 6–14 years. Like 

the data supporting that sustained changes in immune response, and long-term alterations in 

molecular and cellular neuroinflammation exist in survivors of perinatal brain injury, future 

work should similarly address sustained changes in exosome function, composition, and 

cargo in children with CP and other forms of perinatal brain injury, especially those with 

prominent inflammatory pathophysiology.

10. Conclusion

Placental-driven mediators such as chemokines, cytokines, and exosomes have been 

implicated in neuroinflammation and may contribute to perinatal brain injury in the setting 

of chorioamnionitis. Exosomes are integral to intercellular communication within the 
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maternal-placental-fetal axis and have been shown to traffic cargo that promotes systemic 

and neuroinflammation. Evidence from pathological processes such as preeclampsia, 

gestational diabetes, and traumatic brain injury suggest that exosomes propagate and sustain 

the inflammatory cascade well beyond the acute state. This suggests that the brain injuries 

and neurodevelopmental disorders with a component of exosome-mediated inflammation as 

part of their pathophysiology may have chronic adverse implications in disorders such as 

cerebral palsy. The evidence reviewed here highlights the need to investigate exosomes 

isolated pre- and postnatally, as well as in older children with known brain injuries 

or neurodevelopmental disorders to identify new diagnostics, biomarkers, and potential 

therapeutic targets.
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Fig. 1. 
Placental-derived mediators drive neural injury in CHORIO. Sham or CHORIO placental 

explants were cultured on inserts and placental conditioned media (PCM) assayed for toxic 

mediators and inflammatory drivers (A-B). CHORIO placentas secrete more IL-1β (A), and 

TNF-α (B) compared to sham placentas. To determine the effect of CHORIO PCM on 

the developing brain, PCM from naive or CHORIO placental explants was cultured with 

postnatal day 2 (P2) brain slices (C). PCM from CHORIO placental explants induced high 

levels of CXCL1 in P2 brain slices. (n = 4–5, two independent experiments, *p < 0.05, **p < 
0.01, ***p < 0.001).
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Fig. 2. 
Placental-derived exosomes drive neural injury in CHORIO. To confirm whether cytokines 

themselves or placental-derived exosomes were able to induce brain CXCL1 expression, 

exosomes were isolated from CHORIO PCM (A). Exosomes from CHORIO placentae 

elevated CXCL1 mRNA in P2 brain slices (A - purple bar). Notably, cerebral CXCL1 

mRNA levels were reduced by blockade of exosome release using the exosome generation 

inhibitor GW4869 (A - gray and black bars). Blockade of placental exosome generation 

also improved neural cell health and preserved developmental trajectory (B). Specifically, 

GABAARɣ2 mRNA was increased in P2 brain slices cultured with exosome depleted PCM 

compared to exosome containing PCM (B). (n = 4–5, two independent experiments, *p < 
0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.)
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Fig. 3. 
Placental-derived exosomes as a plausible pathophysiological mechanism in perinatal brain 

injury.
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