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Abstract

Successful pregnancy relies on maternal immunologic tolerance mechanisms limit maladaptive 

immune responses against the semi-allogeneic fetus and placenta and support fetal growth. 

Preeclampsia is a common disorder of pregnancy that affects 4–10% of pregnancies and is a 

leading cause of maternal and neonatal morbidity and mortality. Preeclampsia clinically manifests 

as maternal hypertension, proteinuria, and progressive multi-organ injury likely triggered by 

hypoxic injury to the placenta, resulting in local and systemic anti-angiogenic and inflammatory 

factor production. Despite the steady rising rates of preeclampsia in the United States, effective 

treatment options are limited to delivery, which improves maternal status often at the cost of 

prematurity in the newborn. Preeclampsia also increases the lifelong risk of cardiovascular disease 

for both mother and infant. Thus, identifying new therapeutic targets is a high priority area to 

improve maternal, fetal, and infant health outcomes. Immune abnormalities in the placenta and in 

the maternal circulation have been reported to precede the clinical onset of disease. In particular, 

excessive systemic and placental complement activation and impaired adaptive T cell tolerance 

with Th1/Th2/Th17/Treg imbalance has been reported in humans and in animal models of 
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preeclampsia. In this review, we focus on the evidence for the immune origins of preeclampsia, 

discuss the promise of immune modulating therapy for prevention or treatment, and highlight key 

areas for future research.
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INTRODUCTION

The human placenta is a fetal-derived organ that interfaces directly with the maternal uterine 

decidua—a vascular-immunologic tissue interface that nourishes and facilitates peaceful 

coexistence of the semi-allogenic fetus.1,2 The placental extravillous trophoblast cells invade 

directly into maternal uterine vessels to facilitate efficient nutrient exchange; thus, the 

maternal immune system experiences direct exposure to foreign fetal antigens locally in the 

decidua. Systemic shedding of placental and fetal material occurs throughout the pregnancy

—in fact, this chimerism is exploited clinically in non-invasive prenatal screening methods, 

which detect placental DNA in maternal circulation for assessing risk for fetal Trisomy 21 

and other common fetal chromosomal disorders.3–6 Active immune tolerance mechanisms in 

pregnancy are critical to prevent fetal rejection, which may manifest as early pregnancy loss, 

preterm birth, fetal growth restriction, or preeclampsia (PE).

PE is a heterogeneous obstetric disorder that is clinically defined by new-onset maternal 

hypertension (systolic blood pressure ≥140 mmHg and/or diastolic blood pressure ≥90 

mmHg) after 20 weeks’ gestational age that is usually accompanied by new-onset 

proteinuria (>300mg in 24 hours).7 PE complicates 4–10% of pregnancies and is a leading 

cause of maternal and fetal/neonatal mortality.8,9 The only definitive treatment for PE is 

delivery of the placenta and fetus, often accompanied by the neonatal morbidity and 

mortality of prematurity. Clinically, PE is a systemic syndrome varying by gestational age at 

onset and severity. Some patients with PE can be asymptomatic and perhaps not diagnosed 

until delivery, while others may develop early-onset preeclampsia with rapid progression to 

multi-organ dysfunction, including neurologic symptoms (headache, seizure, stroke), 

hematologic symptoms (thrombocytopenia, disseminated intravascular coagulation), acute 

renal failure, hepatic (subcapsular hematoma or rupture) symptoms, or HELLP (hemolysis, 

elevated liver enzymes, low platelets) syndrome. The clinical manifestations are 

heterogeneous, suggesting that the biologic underpinnings also are likely heterogenous. 

Biologically, PE is associated with systemic vascular response and immune activation in 

reaction to placental syncytiotrophoblast stress and ischemia induced by a combination of 

angiogenic, immunologic, genetic, or maternal/environmental factors.9 Risk factors for PE, 

such as nulliparity, change in paternity from prior pregnancies, donor gamete in vitro 

fertilization, baseline maternal autoimmune disorders, and multifetal gestation, all support 

impaired maternal immune tolerance to paternal antigens as a potential etiology.

In this review, we cover the mechanisms of adaptive and innate immune mechanisms that 

support healthy pregnancy, evidence for local and systemic immune dysregulation in 
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pregnancy pathology (with a focus on PE), as well as current and future therapeutic 

strategies that target immune mechanisms of PE.

1. Immune mechanisms of healthy pregnancy and preeclampsia

1.1 The complement system in healthy pregnancy

The complement system is part of the innate immune system and actuates potent 

inflammatory responses, direct cellular damage through the membrane attack complex, and 

targets pathogens for phagocytosis. The complement system is comprised of circulating 

plasma proteins and cell-bound components primarily produced by the liver that react in a 

proteolytic cascade when triggered through either the classical, alternative, or lectin 

pathways (Fig 1).10 The classical pathway refers to antigen-antibody immune complex-

mediated activation, whereas the alternative pathway refers to spontaneous and continuous 

amplification of the system in response to tissue damage. Finally, the lectin pathway refers 

to reaction triggered by the presence carbohydrates in the cell walls of microorganisms.11 

Each of these mechanisms results in activation of the C3 convertase, which releases C3b. 

C3b combines with the C3 convertase to cleave C5 and allows C5b to combines with C6, 

C7, C8, and a C9 components to create the terminal membrane attack complex (MAC) that 

forms a lytic pore in its target. C3a and C5a cleavage products are potent pro-inflammatory 

mediators. The complement system is crucial to mediate defense against pathogens, but 

excessive activation also is associated with clinical disease such as hemolytic uremic 

syndrome, a close imitator of PE and HELLP syndrome.

During pregnancy, the complement system is upregulated to ensure protection of the fetal-

placental unit from pathogens.11 Systemic complement activation in pregnancy results in 

deposition of degradation products in the syncytiotrophoblasts during normal pregnancy to 

protect against potential infections.12,13 Local complement production by human 

syncytiotrophoblasts and uterine decidua endothelial cells also contributes to pathogen 

protection.14,15 Pregnant C1q-deficient mice develop features of placental insufficiency and 

PE, supporting a role for complement deposition in trophoblast migration and spinal artery 

remodeling critical for normal placentation.11 However, the evidence is more variable in 

humans, with one study demonstrating a correlation between C1q deposition in 

syncytiotrophoblast and healthy placentation16 while others found no changes C1q 

syncytiotrophoblast in healthy placentas compared to PE.17,18 Cross-sectional studies have 

demonstrated that healthy pregnant patients exhibit higher levels of complement degradation 

products compared to non-pregnant patients, supporting the need for enhanced complement 

activation during healthy pregnancy.10

Increased complement activation is important to protect against pathogens and likely for 

healthy placentation; however, too much complement activity can result in recognition and 

rejection of fetal-derived tissues. Soluble complement inhibitory proteins complement factor 

H (CFH), complement factor I (CFI), and CFH-related 1 (CFHR1) protect against aberrant 

complement activation.19 Membrane-bound complement inhibitory proteins decay-

accelerating factor (DAF also known as CD55), membrane cofactor protein (MCP, also 

known as CD46), and CD59 are expressed directly by syncytiotrophoblasts and prevent 

excessive complement activation and damage to the placenta.11,20
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1.2 The complement system and adverse pregnancy outcomes

Excessive complement activation or imbalance in the activation and inhibitory pathways is 

associated with adverse pregnancy outcomes (summarized in Table 1). Systemic elevation in 

complement activation products from the classic and lectin pathway such as C3a, C5a, and 

MAC are predictive of or present in excess during clinical presentation of PE.19,21–23 In one 

study, systemic complement activation products such as C4d, C3a, soluble C5b9 were 

significantly higher in pregnant patients with PE compared to both non-pregnant and healthy 

pregnant patients.24 Elevated levels of complement fragment Bb, a marker of alternative 

complement pathway activation in systemic circulation also precedes onset of clinical PE.25 

These results implicate early activation and terminal pathway activation in the development 

of PE. Significantly higher expression of C4d and MAC present on the syncytiotrophoblasts 

membranes in PE also was identified by immunofluorescence staining, suggesting that local 

complement activation in PE can potentially lead directly to placental damage and ischemia.
26 Furthermore, in cell culture, complement activation on syncytialized human trophoblasts 

induced upregulation of soluble fms-like tyrosine kinase receptor 1 (sFLT1), an anti-

angiogenic factor that has been linked with the pathogenesis of the maternal syndrome.27 In 

animal models, complement activation and in particular C5a has been shown to be required 

intermediary event in the pathogenesis of placental injury by inducing dysregulation of 

angiogenic factors required for normal placental development.13 Furthermore, treatment 

with various complement inhibitors (soluble complement receptor 1, C3a receptor 

antagonist, or C5a receptor antagonist) resulted in decreased blood pressure in the RUPP 

(reduced utero-placental perfusion pressure) rat model of PE.18 Taken together with human 

studies that demonstrate a robust correlation of C4d with placental sFLT1 expression,26 

placental complement activation could be a major trigger for placental damage and release 

of anti-angiogenic factors in PE.

Systemic lupus erythematosus and antiphospholipid antibody syndrome are immune-

mediated disorders associated with dysregulated complement activity, and they confer much 

higher risk of obstetric complications, including preterm PE and fetal growth restriction—

another manifestation of placental disease.28 In a large cohort study of pregnant patients 

with lupus and/or antiphospholipid antibody syndrome, early trimester elevation in soluble 

MAC and alternative pathway products was strongly associated with adverse pregnancy 

outcomes, including PE.29 Genetic sequencing of the complement regulatory proteins in the 

patients with lupus who developed PE revealed that 18% had heterozygous mutations in 

CFI, MCP, and CFH genes, further supporting the critical importance of complement 

regulation in the pathogenesis of PE. Genetic variants were found in a cohort of women with 

PE without underlying autoimmune disease, strengthening the link between complement 

dysregulation and PE.30

Fetal rejection phenotypes have been observed in chronic histiocytic intervillositis, a 

placental finding of mononuclear cell deciduitis found in association with PE, fetal growth 

restriction, and pregnancy loss.31 Chronic histiocytic intervillositis has been associated with 

M2-polarized placental macrophages and Hoffbauer cells that express complement receptor 

4, providing further evidence of complement activation as a triggering event for fetal 

rejection.32
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1.3 Adaptive T cell tolerance in healthy pregnancy

Historically, the paradigm of healthy pregnancy was thought to be driven by a helper T cell 

(Th) bias, with Th2 favoring maternal tolerance to the allogeneic fetus compared to pro-

inflammatory Th1. This dichotomy does not fully capture the dynamic Th repertoire of 

human T cell biology; thus, the paradigm has been expanded to include pro-inflammatory 

Th17 cells and regulatory T cell (Treg) subtypes.33 (Fig 2). Th1 cells secrete TNFα and 

IFNγ and are upregulated in early pregnancy to support early trophoblast invasion into the 

uterine spiral arteries. After placentation, there is a shift from Th1 to Th2 immunity 

(characterized by IL-4, IL-10 production), supporting a more anti-inflammatory state until 

parturition. Th17 cells are another class of pro-inflammatory helper T cells present at the 

maternal-fetal interface. Th17 cells are critical in launching pro-inflammatory IL-17A anti-

bacterial and anti-fungal responses and have been pathologically implicated in autoimmune 

disorders such as lupus, psoriasis, and multiple sclerosis.34 Th2 cells are able to suppress 

Th17 activation through IL-10 secretion and suppress Th1 activation through IL-4 

production. In addition to Th1, Th2, and Th17, the fourth, and arguably most critical, players 

in the maintenance of maternal T cell tolerance to fetal and placental antigens are the 

suppressive regulatory T cells (Treg).35,36 The canonical natural Treg are produced centrally 

in the thymus and are characterized by high FoxP3 expression. Treg are increased in normal 

pregnancy systemically37 and present locally in human decidua. More recently, multiple 

Treg subtypes matching the description of induced type 1 regulatory (Tr1) cells38 have been 

described in first-trimester and term human decidua with the capacity to suppress effector T 

cell proliferation and suppressive IL-10 cytokine production.39 The necessity of Treg 

suppression for healthy pregnancy development is illustrated in mouse models in which 

rejection of antigen distinct male fetuses manifests as pregnancy loss or decrease in male 

birthweight occurs after Treg depletion.40,41

Normal human pregnancy is associated with an increase in FoxP3-expressing Treg.37 

Multiple findings support that defective placentation in PE may be a manifestation of an 

immunologic event resulting in a break in maternal-fetal immune tolerance (Table 1). In a 

study in Iran, the GG genotype of the rs4824747 single nucleotide polymorphism in the 

promoter region of the FoxP3 gene was more frequent in women with PE compared with 

controls.42 However, this finding was not reproduced in a similar study in the US.43 

Nevertheless, there does appear to be a relationship between Treg function and Th imbalance 

in PE. Treg are significantly reduced in maternal blood in PE and HELLP syndrome, with 

associated defects in effector T cell suppressive function.44,45 Hu et al. have proposed that 

low maternal serum acetate (known to contribute to Treg cell generation) is associated with 

development of PE and this maternal metabolic derangement is transferred to the offspring 

resulting in associated prolonged impaired fetal and childhood thymic Treg development.46 

Recently, the T cell antigen receptor (TCR) clonal expansion of decidua Treg has been 

assessed using human samples from the first trimester, third trimester healthy pregnancy, 

miscarriage, and in PE. In healthy pregnancy, the decidua Treg TCR repertoire becomes 

more constrained from first to third trimester. In contrast to healthy controls, PE is 

associated with reduced clonal expansion at delivery.47 This suggests that the skewed TCR 

repertoire in decidua Treg is important in maintaining immune tolerance. The antigenic 

targets of clonal Treg at the maternal-fetal interface have not been identified in humans.

COLLIER et al. Page 5

Hum Immunol. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1.4 Impaired T cell tolerance in preeclampsia

Similar to the Th cytokine imbalances seen in autoimmunity, PE is associated with an 

imbalance in both systemic and local pro-inflammatory Th1 and Th17 cytokines (TNFα and 

IL-17) and a decrease in suppressive Treg and Th2 cytokines (IL-10 and IL-4).48–50 The 

predominance of IL-17-expressing CD4 T cells in human intervillous blood samples in PE 

compared with healthy controls at delivery (Collier, unpublished) further supports a pro-

inflammatory, fetal rejection phenotype of PE. The RUPP rat model of PE, which utilizes 

uterine artery ligation to mimic clinical symptoms of PE, depends on the presence of Th17 

cells for the clinical phenotype.51 Another animal model in which vasopressin is infused into 

mice to induce preeclampsia results in increased Th1 and Th17 cells and reduced Treg and 

Th2 cytokine production, providing a link from vasculopathy to Th1/Th2/Treg/Th17 

imbalance in the pathogenesis of PE.52

1.5 Intracellular complement activation in T cells

Thus far, we have reviewed the role of complement and T cell dysregulation as separate 

pathogenic mechanisms for PE. However, the two are connected. There is an intracellular 

pathway of complement activation in T cells known as the “complosome.”53,54 CD4 T cells 

can produce C3 and C5 within intracellular T cell lysosomes. With engagement of the TCR 

by cognate antigen, C3 is released from the lysosome and cleaved into C3b by lysosomal 

cathepsin L, resulting in further T cell activation through complement receptors on the T 

cells’ surface. In addition, intracellular C5 is cleaved into C5a, resulting in intracellular 

signaling and Th1 T cell differentiation (marked by IFNγ release and canonical transcription 

factor, Tbet expression).12 Intracellular complement activation has been implicated in 

intestinal damage during ischemia/reperfusion and may represent an explanatory mechanism 

linking placenta ischemia to complement activation and Th1/Th17 bias.

2. Current and future therapeutic strategies for preeclampsia

2.1 Pharmacologic approaches currently used for preeclampsia prevention

Many pharmacologic interventions with anti-inflammatory and immune modulating 

properties are either being used to prevent PE or are under investigation for the treatment of 

PE ((Fig. 1 and Fig. 2). The most evidence-based preventive treatment currently in use is 

low-dose aspirin, administered at 81–150 mg daily by mouth, typically beginning prior to 16 

weeks’ gestational age.55–57 Aspirin is an anti-pyretic and anti-platelet agent that inhibits 

prostaglandin thromboxane A2 and is thought to improve trophoblastic invasion into uterine 

spiral arteries and reduce C3 and factor B expression in the syncytiotrophoblasts. This 

intervention is recommended for patients with one strong risk factor for PE or more than one 

moderate risk factor and can reduce the risk of preterm PE. PE. Heparin is another 

anticoagulant typically given with aspirin to women with antiphospholipid antibody 

syndrome, which confers particularly high risk for early pregnancy loss and PE. Heparin and 

low-molecular weight heparin also likely improve uterine artery blood flow and work on 

immune dysregulation by reducing trophoblast C5a production.58–60 It is recommended that 

patients with systemic lupus erythematosus continue hydroxychloroquine in pregnancy for 

both treatment of autoimmune disease (to reduce the risk of flares and achieve remission in 

pregnancy) and to reduce the risk of PE.61 Hydroxychloroquine is an anti-malarial agent and 
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works through several mechanisms as an anti-inflammatory, antioxidant, and antithrombotic 

agent and to impair complement-dependent antibody opsonization. This results in impaired 

antigen processing machinery in antigen-presenting cells, resulting in reduced T cell 

activation.

2.2 Pharmacologic approaches under investigation for preeclampsia

Other anti-inflammatory and immune modulating therapies currently under investigation to 

prevent and treat PE and its complications include pravastatin and eculizumab. Pravastatin is 

a statin that blocks cholesterol synthesis and may improve placental perfusion in PE due to 

the acute atherosclerotic changes seen in the uterine arteries in PE. In mouse models, 

pravastatin appears to reduce complement activation through upregulation of complement 

inhibitor DAF and reduction of C5a activation in the cervix.62 In an open-label, non-

randomized trial including 21 patients with antiphospholipid antibody syndrome who 

developed PE despite use of aspirin and heparin, the addition of pravastatin 20 mg daily 

resulted in improved placental blood flow, improved clinical features of PE, and pregnancy 

prolongation when compared with aspirin and heparin only.63 This provides preliminary 

data to support the potential use of pravastatin for PE treatment. A phase 3 randomized 

clinical trial evaluating the use of pravastatin versus placebo in secondary prevention of PE 

in patients with a history of preterm PE requiring delivery prior to 34 weeks 

(NCT03944512) is underway. Eculizumab is a monoclonal antibody inhibiting C5 that is 

FDA-approved for use in pregnant patients with paroxysmal nocturnal hemoglobinuria and 

atypical hemolytic uremic syndrome. Eculizumab was used to treat HELLP syndrome in a 

case report resulting in improved laboratory parameters and pregnancy prolongation (19 

days),64 and a phase 1 open-label trial recently opened for enrollment of patients with 

HELLP syndrome between 23–28 weeks’ gestation (NCT04103489). Zilucoplan is a small 

molecule inhibitor of C5a that is currently being used to treat myasthenia gravis and also 

may have potential for treatment of HELLP or PE.

2.3 Immune modulation strategies

IL-17 is a key mediator of inflammation and antibacterial responses and has been implicated 

in impaired tolerance in PE and other clinical disease states such as autoimmunity, contact 

dermatitis, and transplant rejection. Secukinumab is a monoclonal antibody against IL-17 

that has been used to alter the Th imbalance in contact dermatitis (NCT02778711), psoriasis, 

and discoid lupus erythematosus (NCT03866317). Tibulizumab (LY3090106) is a dual 

antagonist tetravalent antibody against IL-17 and BAFF (B cell activating factor) marketed 

for Sjogrens disorder (NCT04563195) and also may prove a useful strategy for reducing 

inflammation that may be either causal or a downstream mediator in PE. Other biologic 

agents (TNF-α blockade) have been used with success to reduce inflammation in 

inflammatory bowel disease and have been safely used in pregnancy. These may prove 

useful in reducing the Th1 imbalance observed in PE.

Inflammation mediated through innate immune complement activation and adaptive T cell 

polarization are features of PE and carry many features that parallel pathogenesis in 

autoimmunity and transplant rejection. Given the Treg dysfunction in PE, there is a potential 

for introducing therapy that might support autologous Treg function as a preventive or 
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therapeutic modality. A recent review by Robertson et al. outlined a three-part 

recommendation to improve Treg function in pregnancy.65 The first is to allow adequate 

prior priming to male partner alloantigens to establish induced Treg to acquire antigen 

experience and memory. This may include advice on preconception planning and new 

diagnostics to assess for established Treg memory in the reproductive tract. The second 

recommendation is to implement strategies to increase endogenous Treg cell numbers or 

function through lifestyle interventions, such as sunlight, exercise, or pharmacologic 

reduction in IL-6, which reduces the STAT5 signaling important for Treg activity. The final 

strategy is to trial cell therapy that involves ex vivo generation or expansion of autologous 

polyclonal Treg for infusion. Autologous Treg therapy currently is being investigated in 

clinical trials for autoimmune diabetes, graft versus host disease, and renal transplants 

(NCT01210664, NCT02772679, NCT02519816, NCT03284242).66 In diabetes, T cell 

receptor activity and specific cell therapy against relative antigens has been shown to 

improve Treg cell recruitment.67 Low-dose IL-2 infusions also have been demonstrated to 

support Treg homeostasis in patients with newly diagnosed autoimmune type 1 diabetes and 

may be a useful, safe strategy for improving endogenous Treg numbers and function.68

2.4 Immune checkpoint molecules

Immune checkpoint molecules are co-stimulatory receptors found on the surface of T cells 

and other immune cells, which bind co-stimulatory molecules (e.g. CD80 and CD86) on the 

surface of antigen-presenting cells. (Fig 2). In response to ligand binding, immune 

checkpoint molecules such as CTLA-4, TIM-3, and PD-1 can transduce inhibitory 

intracellular signals or induce anergy or T cell exhaustion.69 Treg often rely on signaling 

through CTLA-4 to induce indoleamine 2,3 dioxygenase expression by antigen-presenting 

cells. Use of CTLA4-Ig (Abatacept) for immune checkpoint inhibition has been 

demonstrated to increase duration of endogenous insulin production by a median of 9.6 

months in newly diagnosed patients with autoimmune type 1 diabetes (NCT00505375).70 

This effect size could prove promising for delayed progression of PE in the timeframe of 

weeks to months needed to drastically reduce perinatal morbidity/mortality from 

prematurity.

3. Unanswered questions and future research directions

3.1 Phenotyping of preeclampsia syndromes and longitudinal sampling

Not all PE is likely to be immune-mediated. Current work aims to better separate PE 

syndromes into distinct clusters by using a combination of clinical data and placental 

histologic and transcriptomic profiles71,72 to create more homogenous designations. While 

this has many important research applications (limits confounding of clinically similar 

groups with different molecular fingerprints) and potential clinical applications (ability to 

design etiology-dependent treatments), this strategy is still limited by the inability to 

phenotype prior to delivery. Longitudinal cohorts that can tie biomarkers from 

preconception, interconception, and during pregnancy prior to the onset of PE to 

differentiate PE syndromes will be important to improve prediction and to develop a 

personalized medicine approach to treatment. For instance, it is very likely that term 
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preeclampsia is a different pathophysiology and would therefore necessitate a different 

treatment strategy than preterm PE.1

We have emphasized the importance of evaluation of local immunology at the maternal-fetal 

interface in pregnancy. Decidua tissue typically is sampled at delivery when the clinical 

syndrome has already manifested or sampled from pregnancy termination specimens, which 

prohibits knowledge of clinical outcomes in later pregnancy. Sampling the decidua from 

ongoing pregnancies is associated with risk of pregnancy loss and thus is not done for 

research purposes only. Decidua sampling of ongoing pregnancies occurs clinically during 

first-trimester chorionic villus sampling (CVS) for prenatal genetic testing. The maternal 

decidua is a bystander contaminating tissue in this scenario, where the target tissue for 

clinical testing is the chorionic villi that share fetal genetics. Preconception endometrial 

sampling and discarded first-trimester maternal decidua from CVS procedures are human 

samples of convenience that have been used previously to link antecedent pathobiology to 

healthy and adverse pregnancy outcomes.73 Although some patients choose to undergo the 

risks of elective CVS for prenatal testing, the population undergoing CVS tends to be biased 

towards higher-risk pregnancies (suspected fetal aneuploidy, multifetal gestations). Close 

collaboration between gynecologic and obstetric health care providers with access to 

samples across the reproductive care and reproductive immunologists will be critical to 

optimizing clinical and biologic data capture from these limited human specimens.

3.2 Multi-omics approaches for exploring the immune landscape of human decidua

Future preclinical studies are needed to better understand the key epigenetic and genetic 

variants, as well as transcripts regulating decidua immune cells during healthy and 

pathologic pregnancy. Technologies combining single-cell transcriptomics with antigen 

receptor sequencing and cell surface proteomic profiling have been utilized to explore the 

landscape of the murine and human decidua.75–77 These single-cell techniques will be useful 

for further defining the differential expression, antigen-specificity, and distinct decidua 

immune cell subtype associated with clinical “decidualopathies” such as preeclampsia, 

preterm labor, and fetal growth restriction. The uterine natural killer cell (uNK) is abundant 

and well characterized in decidualization physiology and may play a role in the abnormal 

placentation observed in PE.82–84 However, cross-talk between uNK cells and the adaptive 

immune system remains unexplored.

Furthermore, although reduced clonal expansion of T cells expressing the same T cell 

receptor is associated with PE, we have not identified the antigenic target.47 High-

dimensional MHC-peptide and linear peptide arrays have been utilized to identify antigen 

targets for T cells and antibodies in HIV,78,79 autoimmunity,80 and cancer.81 Using an array 

of alloantigens and placental antigens we may be able to use such technologies to identify 

the exact antigenic target for PE or chronic histiocytic intervillositis. Cross-disciplinary 

collaboration between bioinformaticists, immunologists, and clinicians is necessary to make 

progress in discovering the key antigenic and cellular targets in PE.74
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3.3 Animal models and reverse translational research

One limitation to developing targeted therapies for PE is the lack of valid animal models for 

use in preclinical studies.85 Multi-omics data from decidua immune cells may identify 

crucial transcriptional targets that can be evaluated using a reverse translational approach, 

whereby disease pathogenesis is validated through creation of new animal models. Targeted 

deletion of placental targets using CRISPR (clustered regularly interspaced short 

palindromic repeats)-Cas9 genomic editing presents a unique method for investigating the 

decidua leukocyte-trophoblast interactions and clinical consequences in animal models.1

3.4 Future clinical trials

Future clinical trials need to be designed for pregnancy extrapolating from other transplant 

and autoimmune disease treatments. Trials evaluating efficacy of autologous T cell therapy,
86 immune checkpoint inhibitors,69,87,88 or biologics already used in autoimmune disease 

have the potential to be safely applied to treatment of decidualopathies in pregnancy. The 

use of tissue-specific liposomes for delivery of immune modulators to the uterus have been 

investigated to treat preterm labor and may provide a valid vehicle for specific modulation of 

immune dysfunction occurring specifically at the maternal-fetal interface.89

4. CONCLUSIONS

Preeclampsia is a common disease in pregnancy and a leading cause of maternal and 

perinatal morbidity and mortality. Healthy pregnancy depends on the coordination of the 

innate and adaptive maternal immune system that must balance protection of the fetus 

against pathogens and tolerance of the allogeneic fetus and placenta. PE arises from 

insufficient immune priming against paternal antigens and an elevated inflammatory load, 

which is supported by known clinical risk factors for developing PE, including nulliparity, 

multifetal gestation, in vitro fertilization, prolonged interpregnancy interval, and presence of 

underlying maternal autoimmune or cardiometabolic disorders. Excessive complement 

activation and pro-inflammatory Th cell bias are strongly coupled with the development of 

PE. Consistent disease phenotyping, longitudinal sampling, cross-disciplinary collaboration, 

and a multi-omics approach to investigating PE will lead to earlier diagnosis and allow for 

targeted immune tolerance-promoting strategies for treatment and prevention. Available 

therapies are limited; however, with improved understanding of the immunologic 

mechanisms of PE, we may be able to leverage existing immune modulating strategies from 

other fields.
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C1q complement component 1q

COLLIER et al. Page 10

Hum Immunol. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



C3 complement component 3

C3a complement component 3a

C3b complement component 3b

C4 complement component 4

C4d complement component 4d

C5 complement component 5

C5a complement component 5a

C5b complement component 5b

C5b-9 terminal complement complex or membrane attack complex

CD28 cluster of differentiation 28, co-stimulatory receptor for B7 ligands

CD4 cluster of differentiation 4 marker of helper T cells

CD46 cluster of differentiation 46, also known as membrane cofactor 

protein (MCP)

CD55 cluster of differentiation 55, also known as decay-accelerating factor

CD59 cluster of differentiation 59, also known as protectin

CD80 cluster of differentiation 80, also known as B7–1, a surface ligand on 

antigen-presenting cells

CD86 cluster of differentiation 86, also known as B7–2 a surface ligand on 

antigen-presenting cells

CFH complement factor H

CFHR1 complement factor H related 1

CFI complement factor I

CTLA-4 cytotoxic T-lymphocyte associated protein 4, an immune checkpoint 

molecule that down regulated immune responses; homology with co-

stimulatory receptor CD28

DAF decay-accelerating factor, a complement regulatory protein, also 

known as CD55

FOXP3 forkhead box P3 or scurfin

HELLP hemolysis, elevated liver enzymes, low platelet count

IFNγ interferon gamma

IL-10 interleukin 10
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MAC membrane attack complex

MASPs mannose associated serine proteases

MBL mannose binding lectin

MHC peptide major histocompatibility complex

MCP membrane cofactor protein or CD46

PD-1 programmed cell death protein 1, an immune checkpoint molecule

PE preeclampsia

Protectin complement regulatory protein, also known as CD59

TCR T cell receptor

TGF-β Transforming growth factor beta

Th1 T helper type 1

Th17 T helper cell 17

Th2 T helper type 2

TIM-3 T cell immunolglobulin and mucin-domain containing-3, an immune 

checkpoint molecule

TNFα tumor necrosis factor alpha

Tr1 Type 1 regulatory cells

Treg regulatory T cells
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Figure 1. Local and systemic complement activation in preeclampsia and healthy pregnancy and 
complement-modulating medications
The complement cascade is initiated through the classical, lectin, and alternative pathways. 

Complement activation results in inflammation primarily mediated through anaphylatoxins 

C3a and C5a, pathogen opsonization for phagocytosis via C3b, and cell lysis through the 

terminal membrane attack complex formation. Endogenous soluble regulators of 

complement activation (CFH, CFI, CFHR1) and membrane-bound regulators (MCP, DAF, 

and CD59) work through inhibition of the complement pathway at different steps. Various 

pharmacologic agents also target the complement activation at different steps. Schematic for 

the level of complement component activation is represented for healthy pregnancy (upper 

two squares) and in preeclampsia (PE, lower two squares) and separated by local decidua 

complement activation (left squares) and peripheral complement activation (right squares). 

Complement component levels are increased (red), decreased (blue), or unchanged (purple) 

depending on the disease state and location in pregnancy. Created with BioRender.com
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Figure 2. T helper cell changes locally and peripherally in healthy pregnancy and preeclampsia
When naïve CD4 T cells interface with cognate antigen-MHC complexes, the presence of 

co-stimulatory (CD28) and co-inhibitory (CTLA-4) activation along with type of polarizing 

cytokines present will determine the helper T cell (Th) subset differentiation. Regulatory T 

cells (Treg) and Th2 polarization favors a more suppressive, immune tolerant state (left); 

whereas Th1 in and Th17 polarization favors a more pro-inflammatory state (right). Various 

immune modulating medications have been developed to promote differentiation into Treg 

and Th2 subsets and to inhibit inflammatory Th1 and Th17 differentiation or inhibit 

resultant cytokines. Schematic for the level of Th pathway activation is represented for 

healthy pregnancy (upper squares) and in preeclampsia (PE, lower squares) and separated by 

local decidua T cell activation (left squares) and peripheral T cell activation (right squares). 

Levels of Th subset activation are increased (red), decreased (blue), or unchanged (purple) 

depending on the disease state and location in pregnancy. Created with BioRender.com
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Table 1:

Overview of local and peripheral immune pathogenesis in preeclampsia

Immune Pathway Maternal-fetal Interface Peripheral Blood

Complement cascade

 Classical pathway C1q deposition in chorionic villi, placental blood vessel 
endothelia90–93

Lower levels of C1q93

 Lectin pathway Higher C4d, ficolins H, L deposition in 
syncytiotrophoblast90,94–96

Lower levels of C4, Ficolins H, L93,96–98

Higher levels of C4d24,99

 Alternative pathway C3 deposition in decidua tissue, villous endothelial 
cells91,100–102

Higher levels of fragment Bb103

 C3a and C5a 
(anaphylatoxins)

Lower C3a receptor and conflicting results of higher and 
lower C5a expression in preeclampsia18

Majority of studies with higher C3a18,19

Reports of both higher19 and similar C5a93

 Terminal MAC (C5b-9) Increased MAC deposition in stroma and 
syncytiotrophoblast26,92

Most demonstrate higher MAC19,22

 Complement regulatory 
proteins

DAF and CD59 upregulated90

T helper bias

 Th1 Increased TNFα49,50 Increased TNFα49,50

 Th2 Reduction in IL-449,50 Reduction in IL-449,50

 Regulatory T cells (Treg) Reduced FoxP3 and IL-10 expression in first trimester104 and 
at delivery105,106,107

Decreased Treg clonal expansion47,108

Decrease in Treg proportion105,109 and 
suppressive capacity44

Lower activation of memory Treg35

 Th17 Increased proportion of CD4 T cells (Collier, unpublished) Upregulation in Th1749

DAF= decay accelerating factor

MAC= membrane attack complex

Treg= regulatory T cells
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