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ABSTRACT 

Preeclampsia is a pregnancy complication marked by high blood pressure and endothelial 

dysfunction, affecting approximately 2–8% of pregnancies globally. Despite extensive 

research, the immunopathogenesis of preeclampsia remains unclear. Recent studies suggest 

that immune dysfunction underlying Immune Mediated Inflammatory Diseases (IMIDs) 

share common epidemiological links and disrupted immune-inflammatory pathways. 

Lifestyle factors that adversely affect immune health can initiate and worsen T-cell immune 

dysfunctions. Implementing immune optimization strategies, such as a balanced diet, 

adequate sleep, and moderate intensity exercise, may be effective adjunctive therapies to 

prevent and alleviate immune dysfunction. In this review, we searched databases including 

Google Scholar, PubMed, Biomed Central, and SciELO online, using keywords related to 

immune optimization, T lymphocyte dysfunction, cytokines, preeclampsia, and systemic 

inflammation. This scoping review presents a proposed model of T-cell immune dysfunction 

in preeclampsia and explores the potential of multi-omic studies to validate this model. While 

it paves the way for new therapeutic approaches that address immune dysfunction, it does not 

cover the diagnostic and monitoring roles of multi-omic studies for preeclampsia. 
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INTRODUCTION 24 

Preeclampsia is a pregnancy complication characterized by hypertension and endothelial 25 

dysfunction, affecting 2–8% of pregnancies globally. The rising incidence of preeclampsia is 26 

of public health concern. It is a leading cause of adverse maternal and fetal outcomes 27 

worldwide characterized by the onset of hypertension and proteinuria after 20 weeks of 28 

gestation. [1, 2]  29 

The pathogenesis of preeclampsia is multifactorial, involving a complex interplay of various 30 

biological processes such as T-cell mediated immune dysfunction, placental dysfunction, 31 

oxidative stress, angiogenic imbalance, systemic inflammation thereby exposing maternal 32 

and fetal health to adverse outcomes. [3, 4, 5] Abnormal trophoblast invasion and impaired 33 

angiogenesis exacerbate immune dysfunction leading to increased antiangiogenic factors like 34 

soluble fms-like tyrosine kinase-1 (sFlt-1), which inhibit critical endothelial regulators such 35 

as Vascular Endothelial Growth (VEGF) and Placenta Growth Factor (PlGF). Furthermore, 36 

oxidative stress arising from Reactive Oxygen Species (ROS) is linked to the pathogenesis of 37 

preeclampsia. [6, 7]  38 

Maintaining a balance between pro-angiogenic and anti-angiogenic factors is essential for 39 

healthy vascular function. In preeclampsia this balance is disrupted by overproduction of 40 

anti-angiogenic factors, further fueling systemic inflammation. [8, 9] Women with 41 

preeclampsia often exhibit elevated pro-inflammatory cytokines like TNF-α, IL-6, and IFN-γ, 42 

worsening endothelial dysfunction and clinical symptoms. [10, 11]  43 

Preeclampsia requires a distinct immunological model compared to other Immune Mediated 44 

Inflammatory diseases (IMIDs) due to several unique factors. Firstly, its pathophysiology is 45 

pregnancy-specific, involving abnormal trophoblast invasion and impaired spiral artery 46 

remodeling. [6] The maternal immune system adapts to tolerate the semi-allogeneic fetus, with 47 



failures in this adaptation leading to excessive inflammation unique to preeclampsia. [12] The 48 

cytokine profile associated with preeclampsia, including elevated pro-inflammatory cytokines 49 

and anti-angiogenic factors, differs from those in other IMIDs. [9, 13] Additionally, 50 

preeclampsia occurs exclusively during pregnancy, highlighting the importance of gestational 51 

context, localized placental inflammation, and the interplay between impaired maternal T cell 52 

tolerance and maternal-fetal immune maladaptation [14]  53 

In recent years, growing evidence suggests that immune dysregulation plays a crucial role in 54 

the development and progression of preeclampsia. [15] Immuno-toxic lifestyle habits like poor 55 

diet, lack of sleep, and exercise are implicated in the pathogenesis of Immune Mediated 56 

Inflammatory Diseases (IMIDs). [16, 17] 57 

Immune dysfunction in disease pathogenesis determine to some extent, the phenotypic 58 

expressions of genetically predisposing IMIDs. [18] The biology and correlation of 59 

inflammatory cytokines in relation to immune dysfunction and IMIDs like Metabolic 60 

Syndrome Associated Disorders are well established. [16, 18] Although insights into 61 

inflammatory dysfunctional immune processes concerning IMIDs and preeclampsia exist, the 62 

actual systemic inflammatory dysfunctional disease mechanisms remain unknown. [15, 16] 63 

Epigenetic activation of T cells by dietary factors can alter their permeability and induce 64 

signal transductions. [19] Dysfunctional T cells play a central role in the immunopathogenesis 65 

of IMIDs like Metabolic Syndrome Associated Disorders (MSADs). [18] Trans-endothelial 66 

migration of dysfunctional T cells in disease pathogenesis is mediated by cellular adhesion 67 

molecules (CAMs), which are regulated by pro-inflammatory cytokines in immunological 68 

processes. [16] Placental ischemia, oxidative stress, and release of damage-associated 69 

molecular patterns (DAMPs) trigger the activation of immune cells in preeclampsia. [3] 70 



The morbidity and mortality rate of preeclampsia underscores the limitations of current 71 

treatment approaches. Discussing the putative T cell immune dysfunction model of IMIDs 72 

using preeclampsia as an example should highlight its pathogenesis concerning immune-toxic 73 

lifestyle habits. Insights from the putative disease model can guide effective interventions. 74 

 75 

MATERIALS AND METHODS 76 

Online searches were conducted on databases such as Google Scholar, PubMed, Biomed 77 

Central, and SciELO. Articles were reviewed using keywords such as preeclampsia, disease 78 

mechanisms, cellular adhesion molecules, immune optimization/dysfunction, T lymphocyte 79 

activation/dysfunction, and systemic inflammatory cytokines. 80 

RESULTS 81 

Of the 273 articles identified from databases, 17 were duplicates and 11 which did not 82 

highlight the role of immuno-toxins in the pathogenesis of IMIDs were excluded. Of the 245 83 

articles assessed for eligibility, 35 articles described immunopathogenesis of T cell 84 

dysfunction secondary to immunotoxins, discussed preventive and adjunctive therapeutic 85 

roles of immune optimization interventions on IMIDs and were included in the Scoping 86 

review [Figure 1]. 87 

Key Findings 88 

(1) Immuno-toxic lifestyle habits serve as initiators and consolidators of immune 89 

dysfunctional mechanisms underlying IMIDs and preeclampsia. 90 

(2) Similar immune dysfunctional mechanisms underlie a spectrum of IMIDs and 91 

preeclampsia. 92 



(3) Immune Optimization Interventions could serve as preventive and therapeutic 93 

adjuncts for management of IMIDs and preeclampsia.  94 

 95 

 96 

Fig 1: PRISMA flow diagram for the Scoping review detailing the database searches and the 97 

number of articles screened. 98 

 99 
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IMMUNOPATHOGENESIS OF T CELLS IN IMMUNE MEDIATED 103 

INFLAMMATORY DISEASES 104 

The coordinated actions of immune system components enable quick, targeted defenses 105 

against severe infections and their biologic byproducts and the immune-mediated defense 106 



mechanisms are active in a wide range of medical disorders. [20] The immune system is 107 

divided into two main arms; innate and adaptive. Physical barriers such as layers of epithelial 108 

cells in the skin act as the primary mediators of the protective action of the innate immune 109 

system. The protective function of the adaptive immune system is mediated by intricate 110 

interactions between immune system cells, such as B cells, T cells, leukocyte subsets, and the 111 

cytokines that these cells synthesized. Additionally, immune cells have receptors for a variety 112 

of chemicals that may function as antigens. [21] 113 

Leukocytes and plasma proteins are extracted from the blood and transported to particular 114 

parts of the body where they trigger appropriate immune responses. [22] Cytokines are 115 

chemicals that resemble hormones and control immune responses in a paracrine manner. 116 

They either have anti-inflammatory properties (IL-13, IL-11, and TGF-beta) or pro-117 

inflammatory properties (IL-6, IL-7, and TNF-alpha). [16] 118 

T cells are crucial for immune functions and they maintain a homeostatic milieu and prevent 119 

diseases. Their development occurs in a stepwise process in the thymus, which mainly 120 

generates CD4+ and CD8+ T cell subsets. [23] Depending on the cytokine milieu present in the 121 

disease microenvironment and certain transcription factors, CD4+ T cells can differentiate into 122 

several subsets of effector T cells, such as T helper 1 (Th1) cells, T helper 2 (Th2) cells, T 123 

regulatory cells (Treg), or cytotoxic T cells. [18] T cells have been shown to play a crucial role 124 

in the pathogenesis of hypertension, an IMID. T cell-deficient mice were reported to be 125 

resistant to blood pressure elevation, suggesting that these cells play unique roles in the 126 

pathogenesis of hypertension. [24, 25, 26] Genetic predisposition, which coordinates and chooses 127 

where to direct activated dysfunctional T cells in disease conditions, can influence immune 128 

response products and outcomes. They may also mediate distinct disease phenotypes in 129 

different regions of the body as well as worsening of clinical symptoms as reported by Okafor 130 

et al. [19] 131 



 132 

IMMUNE DYSREGULATION IN PREECLAMPSIA 133 

The pathogenesis of preeclampsia involves an interplay between immune cells, placental 134 

development, and maternal response to pregnancy. [4] Dysregulation of immune cells is a 135 

hallmark of preeclampsia and T helper 1 (Th1) and T helper 17 (Th17) cells were reported to 136 

be prominently involved in the inflammatory response associated with preeclampsia. [24] Th1 137 

cells secrete pro-inflammatory cytokines such as interferon-gamma (IFN-γ) and tumor 138 

necrosis factor-alpha (TNF-α), which have been shown to promote endothelial dysfunction 139 

and vascular inflammation. [27] Similarly, Th17 cells produce interleukin-17 (IL-17), a 140 

cytokine that enhances inflammatory processes and has been implicated in the pathogenesis 141 

of various autoimmune conditions, including preeclampsia. [28] 142 

In contrast, regulatory T cells (Tregs), which typically play a crucial role in maintaining 143 

immune tolerance during pregnancy, are often found to be altered in women with 144 

preeclampsia. Tregs are essential for preventing excessive immune responses that could harm 145 

the fetus, and their dysfunction leads to a failure in maintaining the necessary immune 146 

tolerance. [29] Research indicates that the number and activity of Tregs are significantly 147 

reduced in women with preeclampsia contributing to the disrupted balance between pro-148 

inflammatory and anti-inflammatory responses.  Reduction in Treg activity allows for the 149 

unchecked proliferation of pro-inflammatory cells, exacerbating systemic inflammation and 150 

endothelial dysfunction. [29] Elevated levels of pro-inflammatory cytokines in the maternal 151 

circulation can lead to increased vascular permeability, vasoconstriction, and ultimately, 152 

hypertension, hallmark features of preeclampsia. [1] Recent studies have also highlighted the 153 

role of the placental microbiome and its interaction with the maternal immune system in 154 

preeclampsia. The presence of certain microbial communities within the placenta may 155 



influence immune responses and contribute to inflammatory pathways involved in the 156 

condition. [30] 157 

Genetic and environmental factors play a significant role in the pathogenesis of immune 158 

dysfunction in preeclampsia. Recent studies have indicated that these factors not only 159 

contribute to the development of immune-mediated inflammatory diseases (IMIDs) but also 160 

share common epidemiological associations and similar dysregulated immune-inflammatory 161 

pathways. [27] The interaction between genetic predispositions and environmental influences 162 

can lead to epigenetic modifications, which further impact immune responses. Specifically, 163 

dietary factors such as hydrogenated fats and diacylglycerol (DAG) have been shown to 164 

activate epigenetic changes that can disrupt T cell function, altering their permeability and 165 

signal transduction mechanisms. [19] This dysregulation of T cells may exacerbate the 166 

inflammatory state observed in preeclampsia, contributing to its pathophysiology. [31] 167 

 168 

 169 

 170 

 171 

 172 

Putative Immunopathogenesis of T-Cell Dysfunction in Preeclampsia. 173 

Activated Dysfunctional T cells (DTCs) are conceived to mediate distinct disease phenotypes 174 

depending on genetic predispositions, migrating to diverse places in the body during an 175 

immunological dysfunctional state as reported by Okafor et al. [19] DTCs move and adhere 176 

with the help of cellular adhesion molecules (CAMs) through chemotaxis mediated by 177 

systemic  inflammatory cytokines generated by DTCs, participating in cross-talks with the 178 



placenta microenvironment in patients with genetic predisposition to preeclampsia, as shown 179 

in Figure 2. When egregious food substances trigger diet-mediated epigenetic activation of T 180 

cells, their membranes may become unusually permeable, allowing signal transduction food 181 

molecules like DAG to enter and cause malfunction. [19] Moreover, abnormal synthesis of 182 

systemic inflammatory cytokines may arise from diet-mediated epigenetic post-translational 183 

alteration of proteins, which are enzyme substrates for cytokine generation by DTCs. 184 

Enzymes involved in processing these inflammatory cytokines are potential targets for novel 185 

drug designs. [31] Furthermore, cross-talks between inflammatory cytokines produced by 186 

DTCs and the extracellular matrix of the disease site may exacerbate disease symptoms like 187 

ovarian hyper stimulation syndrome. [19, 32] 188 

The putative preeclampsia disease model suggests that CAMs and inflammatory cytokines, in 189 

immune dysfunction aid DTCs to migrate and adhere to the endothelium of various organs 190 

and blood vessels, especially the placental bed. This leads to aberrant trophoblast invasion by 191 

DTCs. The placenta and its microenvironment may be pluripotent. Pluripotency is the ability 192 

of stem cells to give rise to many cell types. Pluripotency of the placental microenvironment 193 

may have a multiplicative effect on DTCs and also serve as their reservoir, from where they 194 

migrate to the endothelium of blood vessels, sequestrate, increase vascular resistance, and 195 

translate to elevated blood pressure. It is well known that endothelial dysfunction is 196 

underlined by impaired bioavailability of nitric oxide, a natural vasodilator that controls 197 

vascular tone and blood pressure. 198 

When the immune system is not perturbed by harmful dietary substances, the integrity of T 199 

cell membranes remains intact. Disruption and permeation of T cell membranes by harmful 200 

food substances such as Trans and hydrogenated fats leading to the influx of molecules that 201 

prematurely activate them and their migration to disease-predisposing sites, are consequently 202 

mitigated. [19] Diet laden with harmful food substances, less than 7-9 hours of sleep and lack 203 



of exercise may be considered initiators and consolidators of immune dysfunction underlying 204 

preeclampsia, respectively. 205 

The putative T cell dysfunction disease mediating model in preeclampsia may be postulated 206 

as an IMID whereby genetic predisposition determines the disease phenotype. The putative 207 

immunopathogenesis of T cell dysfunction described above may be applicable to the 208 

pathogenesis of other IMIDs. Phenotypic expression of IMIDs based on genetic 209 

predispositions may vary across their spectrum. 210 

Immune optimization interventions with immune optimizers such as a balanced diet, getting 211 

7-9 hours of night sleep and moderate-intensity exercise should be alluring adjunctive 212 

therapeutic strategies to prevent and mitigate immune dysfunction underlying IMIDs. 213 

Immune optimization interventions are alluring disease prevention strategies. However, their 214 

efficacy as therapeutic adjuncts and immuno-prophylaxis may vary depending on how strong 215 

the genetic predisposition is. Therefore, IMIDs with very strong genetic predisposition may 216 

be less amenable to immune optimization interventions as adjunctive therapeutic 217 

interventions as well as immuno-prophylactic measures, especially in the late stages of 218 

IMIDs. 219 



 220 

 221 

Figure 2: Putative immuno-toxiepigenetic disease model of Preeclampsia 222 

 223 

  224 

Roles of Multiomic and Radiological Studies for Validation of Putative Immuno-225 

toxiepigenetic Model of Preeclampsia 226 



Immune optimization interventional multiomic (genomic, transcriptomic, proteomic, 227 

metabolomic) studies can be used to investigate preeclampsia disease mechanisms and 228 

validate our putative disease model.  229 

Gene expression studies may support and partly validate the putative theory of non-230 

expression of disease phenotypes in an immune-optimized state despite preeclampsia genetic 231 

predispositions.  232 

Studies on proliferation and migration of DTCs in preeclampsia may validate our theory of 233 

migration/aberrant trophoblast invasion by DTCs and to the endothelium of blood vessels. 234 

An array of gene transcript signatures relative to adverse environmental exposures through 235 

epigenetic mechanisms may be highlighted by correlative transcriptomic and DTC studies. 236 

Two distinct molecular signatures of preeclampsia have been revealed by single cell 237 

transcriptomics. [33] It reflected some dysregulations in FLT1 and PGF transcriptions in the 238 

syncytium in early preeclampsia. [33] Additionally, comprehensive and correlative analysis of 239 

the proteasome for post-translational modifications of substrate enzymes for cytokine 240 

production by DTCs may validate and support the putative theory of systemic inflammatory 241 

cytokine production by DTCs. Various proteins are detected in preeclampsia. Most frequently 242 

detected of these proteins are CLIC3, ALB, FN1, ANXA1 and ANXA2.  [34] 243 

Metabolomic studies evaluating the gut microbiome and other biological specimens may 244 

highlight metabolites of environmental toxicants suspected to drive adverse gene expressions. 245 

The metabolite LysoPE (16:30) have been found to be downregulated in the serum of 246 

preeclamsia patients, highlighting its potential role in the pathophysiology of the disease. [35] 247 

Furthermore, biological specimens may highlight metabolites associated with T cell 248 

dysfunction and further validate the theory of its dysfunction by environmental toxicants 249 

through epigenetic mechanisms.  250 



The placenta and its microenvironment may be pluripotent, have multiplicative effect on 251 

DTCs and also serve as their reservoir as discussed earlier. Non-invasive radiological scans 252 

like Magnetic Resonance Imaging (MRI) can be used to measure the placenta size as a “DTC 253 

reservoir” parameter to gauge or predict severity of the disease in preeclampsia 254 

immunotoxiepigenetic disease validating studies and future clinical/obstetric practice. 255 

 256 

CONCLUSION 257 

This scoping review has discussed a putative immunotoxiepigenetic disease model of 258 

preeclampsia and the role of multiomic studies for validation of the disease model. 259 

Insights from the putative disease model as regards the role of immunotoxins in engendering 260 

T cell dysfunction should guide therapeutic interventions for IMIDs and their disease 261 

spectrum, like preeclampsia. Furthermore, it could pave the way for an emerging field in 262 

therapeutics, “immunotoxiepigenetic therapeutics,” which takes into account immune 263 

dysfunctions underlying IMIDs and the institution of appropriate adjunctive therapeutic 264 

immune optimization interventions. Furthermore, immunotoxiepigenetic therapeutics is 265 

envisaged to prescribe/proscribe therapeutic interventions in line with rational use of drugs, 266 

clinical/laboratory needs of patients, and waxing/waning phenotypic expressions of IMIDs. 267 

 268 

 269 

Limitation of the review 270 

This mini review did not discuss diagnostic and monitoring roles of multiomic studies for 271 

preeclampsia. 272 
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 431 

 432 

Dear Sir/Madam 433 

                                     RE: CORRECTIONS FOR OUR SUBMITTED MANUSCRIPT 434 

We write in response to the reviewer’s comments for the manuscript submitted to your journal with 435 

the title: T-CELL DYSFUNCTION AND IMMUNE OPTIMIZATION: INSIGHTS INTO PREECLAMPSIA. A 436 

SCOPING REVIEW as follows: 437 

Reviewer 1 comments 438 

(1) Tracked changes have been accepted. 439 

(2) The putative mechanism of T cell dysfunction in preeclampsia are original viewpoints of the 440 

authors and were not referenced.  441 

(3) Insights into the putative disease model that can guide therapeutic interventions have been 442 

added to the conclusion. 443 

 444 

Reviewer 2 comments 445 

(1) The manuscript is a scoping review and did not carry out any form of inferential statistics. 446 

(2) The manuscript have addressed/highlighted its novelty as regards putative mechanism for 447 

pathogenesis of preeclampsia. 448 

(3) Exclusion/inclusion criteria of reviewed papers have been described in the method section 449 

and ethical clearance was not required for the review manuscript. 450 

(4) The manuscript is not a primary study and no potential confounders were envisaged. 451 

(5) Repetitive statements in the manuscript have been expunged. 452 

(6) The conclusion of the manuscript have made suggestions as regards how putative 453 

preeclampsia disease mode may guide therapeutic interventions. 454 

 455 

We hope our manuscript receives further consideration for publication in your journal. 456 

Kind regards, 457 

Corresponding author. 458 

 459 
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