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ABSTRACT
Preeclampsia is a severe complication of pregnancy, affecting an estimated 4 million women 
annually. It is one of the leading causes of maternal and fetal mortality worldwide, and it has life- 
long consequences. The maternal multisystemic symptoms are driven by poor placentation, which 
causes syncytiotrophoblastic stress and the release of factors into the maternal bloodstream. 
Amongst them, the soluble fms-like tyrosine kinase-1 (sFLT-1) triggers extensive endothelial 
dysfunction by acting as a decoy receptor for the vascular endothelial growth factor (VEGF) and 
the placental growth factor (PGF). Current interventions aim to mitigate hypertension and 
seizures, but the only definite treatment remains induced delivery. Thus, there is a pressing 
need for novel therapies to remedy this situation. Notably, CBP-4888, a siRNA drug delivered 
subcutaneously to knock down sFLT1 expression in the placenta, has recently obtained Fast Track 
approval from the Food and Drug Administration (FDA) and is undergoing a phase 1 clinical trial. 
Such advance highlights a growing interest and significant potential in gene therapy to manage 
preeclampsia. This review summarizes the advances and prospects of gene therapy in treating 
placental dysfunction and illustrates crucial challenges and considerations for these emerging 
treatments.  

ARTICLE HISTORY
Received 7 March 2024  
Accepted 16 May 2024  

KEYWORDS
Gene therapy; preeclampsia; 
trophoblast; sFLT-1; 
nanotechnology

CONTACT Arthur Colson arthur.colson@uclouvain.be Department of Reproduction Physiopathology, Institute of Experimental and Clinical Research, 
Université catholique de Louvain, Brussels, Belgium

HYPERTENSION IN PREGNANCY
2024, VOL. 43, NO. 1, 2358761
https://doi.org/10.1080/10641955.2024.2358761

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted 
use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the posting of the 
Accepted Manuscript in a repository by the author(s) or with their consent.

https://crossmark.crossref.org/dialog/?doi=10.1080/10641955.2024.2358761&domain=pdf&date_stamp=2024-05-30


Introduction

Preeclampsia is a severe pregnancy-related syndrome 
affecting approximately 3–5% of pregnancies world
wide (1). The disease presents with sudden-onset 
hypertension and proteinuria or other end-organ 
damage. It is the second cause of maternal death in 
developing countries, killing approximately 50,000 
pregnant women (2). The affected mothers will have 
a higher risk of long-term adverse health outcomes, 
including stroke, cardiovascular disease, kidney disease, 
and metabolic disorder (3–5). On the fetal side, pre
eclampsia is often associated with fetal growth restric
tion (FGR), perinatal death, and preterm delivery, as 
well as a higher susceptibility to developing hyperten
sion, diabetes, and neurological impairment in adult
hood (4,6,7). Although preeclampsia has long been 
described in the medical literature, our understanding 
of its pathogenesis remains uncertain, and clinical 
interventions are limited. Clinical management mainly 
mitigates hypertension and seizures, while aspirin is 
used for prevention with limited efficiency (8). The 
only definite treatment remains delivery, which is 
often associated with induced prematurity and its own 
complications. Although the disease poses a significant 
social and economic burden, effective therapeutics are 
still missing.

During the first trimester of pregnancy, the progeni
tor cytotrophoblasts (CTB) localized within the anchor
ing villi differentiate into extravillous trophoblasts 
(EVT) and acquire an invasive phenotype. The EVTs 
migrate into the maternal decidua and replace the 
smooth muscle cells of the spiral and radial arteries to 
ensure adequate perfusion of the fetoplacental unit 
throughout gestation (9,10). Defective vascular remo
deling is thought to cause inadequate oxygen supply to 
the placenta and induce subsequent syncytiotropho
blast stress (11,12). Cellular responses are various and 
include unfolded protein response, metabolic adapta
tions, apoptosis, and the release of different factors into 
the maternal circulation, such as antiangiogenic factors 
(soluble fms-like tyrosine kinase-1 (sFLT-1), soluble 
endoglin (sENG)), proinflammatory cytokines, exo
somes, and extracellular vesicles (8,13,14). These factors 
provoke systemic endothelial dysfunction, causing 
hypertension and maternal multi-organ dysfunction.

Significant advances in gene therapy have been 
approved and translated into clinical settings in recent 
years, but none for preeclampsia. Gene therapy involves 
transferring genetic materials into the target cells to 
achieve a therapeutic effect. Thus, it implies two things 
to generate appropriate vectors: a complete under
standing of the disease pathophysiology and the 

assumption that the disease is not multifactorial but 
caused by only one dysfunctional pathway. Although 
placental dysfunction is a multifaceted syndrome, sev
eral targets have been recently identified. Amongst 
them, silencing sFLT-1 is a promising strategy, and 
the CBP-4888 was last July approved by the Food and 
Drug Administration (FDA) for phase 1 clinical 
trials (15).

This review discusses the basics of gene therapy, 
including its history, recent advances, and applications 
in placenta dysfunction. We included findings from 
in vitro models and data from animals. Finally, we 
discussed the advances in vector design and gene deliv
ery, especially placenta-specific delivery systems, and 
the future blueprint of gene therapy for mitigating 
placental dysfunction.

An overview of the gene therapy

History

Both successes and failures marked the last three dec
ades of gene therapy. In 1990, the first approved and 
successful treatment constited in direct insertion of the 
adenosine deaminase (ADA) gene into the T cells of 
a girl with severe combined immunodeficiency through 
a viral vector (16). This clinical case validated the basis 
of gene therapy, but its development was slowed by 
severe side effects, such as insertional mutagenesis 
and immune reactions to adenovirus (17,18). To date, 
59 gene therapies have been approved for clinical use, 
covering diseases in the retina, liver, muscle, and hema
topoietic system. However, these therapies are still lim
ited by their poor delivery and specificity of cellular 
targeting (19,20). Approximately 2000 gene therapies 
are currently being developed for clinical application, 
mainly for cancer, infections, and orphan diseases (19). 
We have undoubtedly entered the modern era of gene 
therapy, and much progress is expected.

Strategies

Gene therapy consists of using genetic materials (DNA 
or RNA) to target a specific gene to prevent or treat 
disease by increasing or decreasing its expression or 
editing its sequence (21). Increasing expression aims 
to use a standard copy of an allele under the control 
of a constitutive promoter in a plasmid, for instance, 
while gene suppression refers to reducing the expres
sion by inhibitory tools such as antisense oligonucleo
tides and RNA interference by small interfering RNA 
(siRNA) or micro RNA (miRNA). Small interfering 
RNA can trigger more efficient and specific gene 
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silencing, while miRNA may influence the expression 
of several target genes at the same time (22).

For gene editing, the strategy seeks to modify the 
DNA sequence to correct the produced dysfunctional 
protein. This process can be achieved by using the 
CRISPR/Cas-9 system, a valuable and effective tool for 
gene editing, as well as a milestone in the development 
of gene therapy (21,23). The CRISPR system was initi
ally discovered in prokaryotes as a defense mechanism 
for adaptive immune response. In this system, single 
guide RNAs (sgRNA) guide the Cas-9 nuclease to 
a specific location in the genome, thereby inducing 
double-strand breaks (DSBs). In the absence of exogen
ous DNA, the cell will repair the DSBs by non- 
homologous end joining, which results in random 
insertion or deletion at the cleavage site. This error- 
prone mechanism mostly leads to a frameshift muta
tion or premature stop codon, thus gene knock-out. If 
exogenous DNA is present, the DSBs are repaired by 
homology-directed insertion of a specific sequence. 
This system allows a precise gene edition or activa
tion (24).

Delivery

The critical step for efficient gene therapy is using 
vectors to deliver the genetic cargo to the chosen 
organ. According to vector type, transfer systems can 
be divided between viral-mediated and non-viral- 
mediated systems.

Viral vectors include adenovirus, adeno-associated 
virus (AAV), and lentivirus. Adenovirus is an icosahe
dral capsid containing internal double-stranded DNA, 
able to infect both quiescent and proliferating cells (25). 
After endocytosis of the viral particle, the genetic mate
rial remains in the nucleus without integration into the 
host genome. The advantages of adenoviral vectors 
include high transduction efficiency, epichromosomal 
persistence, and the ability to transfect almost all cell 
types. However, the potent immunogenicity of these 
adenoviral particles hampers their use in humans 
(26,27). Discovered in the 1960s during adenovirus 
production, AAV is the smallest vector used in gene 
therapy. Thanks to its reduced immunogenicity and 
toxicity, recombinant AAV (rAAV) has emerged as 
a promising and prominent vector to enable stable 
long-term transgene expression (27). Lastly, the lenti
viral system was derived from the human immunode
ficiency virus (HIV)-1 to incorporate the transgene into 
the human genome. Hence, lentiviral vectors can trans
duce postmitotic and quiescent cells and permit long- 
term transgene expression. This vector type is now 

mainly employed in manufacturing modified T cells 
in cancer therapy (27).

Although viral vectors were initially preferred 
because of their higher transduction efficiency and 
ease of engineering, concerns were raised about their 
immunogenicity and oncogenic capacity (28). 
Therefore, developing non-viral vectors has recently 
gained momentum as they offer low manufacturing 
costs and modifiable structural components. The non- 
viral vectors include five main types: lipid nanoparticles 
(LNP), polymeric nanoparticles (such as PAMAM, 
PDMAEMA, and PAEs), inorganic nanoparticles 
(such as quantum dots, gold nanoparticles, silica nano
particles, and carbon nanotubes), virus-like particles, 
and extracellular vesicles. These vectors are less com
mon but have shown a safer immunogenicity profile 
and higher cargo-packing capacity than viral systems 
(29). Although transfer efficiency, target specificity, and 
lasting gene expression remain challenging, non-viral 
vectors have already been used in clinical trials and 
constitute the future of precision medicine. Notably, 
non-viral vectors predominate over viral vectors for 
CRISPR/Cas-9 delivery according to the results of pre
clinical and clinical trials (30).

Administration

Administration roads can be divided into in vivo and ex 
vivo methods. Many in vivo methods have been tested 
to optimize gene therapy efficiency. Published and 
ongoing trials include subcutaneous, intravenous, intra
dermal, intratumoral, and intravitreal injections and 
eye drops. In the last five years, subcutaneous and 
intravenous administration accounted for the majority 
(31). In ex vivo methods, the cells are taken from 
patients, cultured, and treated in the lab with gene 
therapy and then put back into the patient (32). This 
method is mainly used to manage patients with blood 
disorders and hematologic malignancies (33).

Applications in human diseases

Gene therapy will undoubtedly become essential in 
human medicine. It has already been proven during 
the SARS-CoV-2 pandemic, and a growing number of 
treatments are being approved by regulatory agencies 
such as the FDA and EMA. Since these methods can 
edit genome sequences, they have found unlimited 
applications in genetic disorders. For instance, siRNA- 
based therapeutics are already approved for treating 
hereditary transthyretin amyloidosis, acute intermittent 
porphyria, primary hyperoxaluria type 1, and 
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hypercholesterolemia, and many clinical trials are still 
ongoing (31).

Regarding CRISPR/Cas-9, the technology promises 
to cure important genetic diseases such as sickle cell 
disease, β-thalassemia, cystic fibrosis, and muscular 
dystrophy. Notably, the first-ever CRISPR-based ther
apeutic (Casgevy and Lyfgenia) was approved for treat
ing β-thalassemia and sickle cell anemia in the USA 
and the UK (34,35). Interestingly, gene therapy also 
finds applications in cell therapy, as illustrated by engi
neered T lymphocytes use in refractory cancer (CAR 
T cells) (36).

Gene therapy in placental dysfunction

Targeting the placenta

Effective therapies for placental dysfunction remain 
limited compared to other major health problems 
because of the inherent complexity of pregnancy and 
the risk of unknown long-term consequences for the 
fetus (37). The only accepted intervention for pree
clampsia is the prophylactic administration of aspirin 
before the end of the first trimester. Other potential 
therapies included statins or phosphodiesterase inhibi
tors, but these small molecules easily cross the placenta 
and reach the fetus, eventually leading to unexpected 

adverse effects (38). Thus, current research aims to 
develop placenta-specific drug delivery to reduce fetal 
exposure while maximizing efficiency (Figure 1).

Viral vectors
Viral vectors have received widespread attention in 
research on placenta-targeted drug delivery systems in 
recent years. Amongst them, adenovirus-mediated pla
cental therapy has proven effective in in vitro and 
in vivo models, including trophoblast cell lines, rodents, 
sheep, and primates (39). These studies have consis
tently demonstrated that adenoviral delivery of vectors 
expressing the insulin-like growth factor (IGF-1) and 
the vascular endothelial growth factor (VEGF) could 
improve fetal growth and prevent FGR-induced cardiac 
dysfunction (40–42). Although adenovirus administra
tion has been improved with larger capacity, reduced 
immunogenicity, and prolonged transduction, concerns 
remain about their long-term safety in exposed fetuses.

Non-viral vectors
Because of safety concerns regarding viral vectors, the 
non-viral systems have also been investigated for pla
centa-targeted drug delivery. They also present substan
tial advantages, such as immunological safety and 
spontaneous accumulation in the placenta, following 
the physiological adaptations of the maternal 

Figure 1. Placenta-specific drug delivery systems. Targeting the trophoblasts is a crucial point in the treatment of placental 
dysfunction. Though adenovirus was prevalent as a vector in gene therapy for fetal growth restriction, nanoparticles are the 
emerging method in gene therapy nowadays, especially for placenta-originated diseases. Nanoparticles are economical, accessible, 
and have lower immunogenicity and larger capacity. However, there is a long way to go in the research in the molecular size and 
shape, surface charge, targeting ligands, and material composition for the perfect placenta-specific drug delivery systems. Figure 
created with Biorender.
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cardiovascular system during pregnancy (43). 
Nanoparticles, including lipid nanoparticles, polymeric 
nanoparticles, and inorganic nanoparticles, can target 
desired cells or tissues in four ways: paracellular path
way, endocytosis, exocytosis, and transporter-mediated 
uptake (43). The application of nanotechnology to pla
centa-targeted delivery has been subjected to intense 
research during the last several years (44). In 2017, 
Cureton et al. designed a peptide CNKGLRNK- 
decorated liposome located almost exclusively in the 
intima of the decidual spiral arteries and the vascula
ture of the mouse placental labyrinth zone. Via tail vein 
injection, they obtained a significant therapeutic effect, 
showing the potential of their engineered liposomal 
placenta-targeted vectors (45). In the same idea, 
Zhang et al. developed a placental chondroitin sulfate 
A binding peptide (plCSA-BP)-guided nanoparticles 
able to specifically bind with trophoblast without 
apparent effect on maternal tissues in mice (46). The 
contrast-enhanced ultrasound (CEU)-mediated lipid 
nanoparticle encapsulated microbubble (MB) showed 
the ability to carry VEGF DNA and estradiol into the 
basal plate in baboons, achieving uterine artery remo
deling, providing a novel strategy in gene therapy for 
placental dysfunction (47).

At last, it is possible to modify the substrate (nano
platforms), adjust the placental microenvironment (pH, 
for instance), or construct nanoplatforms with 
a lysosomal escape to improve accumulation and reten
tion, which are both pivotal to enhance efficacy and 
reduce the side effects (48–50). For example, Fein et al. 
reported that larger polymers had lower permeability 
and polyethylene glycol permeating the placenta to 
a greater extent than dextrans with the same weight 

in BeWo cell line and pregnant CD1 mice, suggesting 
that molecular size, chemistry, and conformation are 
essential variables in placental drug delivery (51). 
Unfortunately, numerous characteristics of non-viral 
vectors, including their toxicity and capability to pene
trate the placental barrier, remain elusive, and further 
explorations are necessary for a better characterization 
of these strategies before their use in humans.

Potential targets

Despite all its advantages, gene therapy requires 
a thorough understanding of the disease to identify 
the right target. However, the pathophysiology of pla
cental dysfunction and its consequences are far from 
being characterized. The field is moving fast, and some 
pathways have already shown their potential. 
Modulating their activity in a therapeutic strategy is 
mainly based on siRNA, with some using overexpres
sion (Table 1).

The angiogenic balance
In normal pregnancy, the placenta secretes a high 
amount of placenta growth factor (PGF) in the mater
nal circulation to promote the binding of VEGF to its 
receptor VEGFR-2 instead of VEGFR-1. Preferential 
activation of VEGFR-2 in the endothelial cells is impor
tant for appropriate vascular adaptations of the mother. 
In preeclampsia, high levels of circulating sFLT-1 in the 
maternal circulation are known to scavenge PGF and 
VEGF, resulting in decreased VEGFR-2 signaling and 
extensive endothelial dysfunction (4). Therefore, an 
increased sFLT-1/PGF ratio is often referred to as the 
“angiogenic imbalance” and is a predictive marker of 

Table 1. Representative studies exploring gene therapy in placental dysfunction.
Vector Administration Type Target Model Outcomes Ref

Poly-amidoamine 
nanoparticle

Intravenous injection Knockdown 
(siRNA)

sFLT1 HTR-8/SVneo cells, 
preeclampsia rat

Ameliorated preeclampsia phenotype and 
improved pregnancy outcomes

(52)

Cholesterol siRNA 
conjugation

Intravenous or 
subcutaneous injection

Knockdown 
(siRNA)

sFLT1 Pregnant mice, 
preeclampsia 
baboon

Attenuated preeclampsia symptoms (53)

Lipid-polymer nanoparticle Intravenous injection Knockdown 
(siRNA)

NRF2 
sFLT1

Preeclampsia mice Improved pregnancy outcomes (54)

P-CSA-BO-conjugated 
nanoparticle

Intravenous injection Knockdown 
(siRNA)

sFLT1 HTR-8/SVneo cells, 
pregnant mice

Attenuated preeclampsia symptoms (55)

Phosphatidylcholine- 
docosanoic acid siRNA 
conjugation

Subcutaneous injection Knockdown 
(siRNA)

sFLT1 Pregnant mice Improved siRNA placental accumulation 
and silencing with a better safety profile

(56)

Ionizable lipid nanoparticles Intravenous injection Overexpression 
(plasmid)

VEGFA JEG-3 cells, 
pregnant mice

Improved placental vasodilation (57)

GalNAc siRNA conjugation Subcutaneous injection Knockdown 
(siRNA)

AGT Preeclampsia rat Ameliorated preeclampsia phenotype (58)

PHPMA115-b-PDMAEMA115 

nanoparticle
Ultrasound-guided 
transcutaneous 
injection

Overexpression 
(plasmid)

IGF1 Guinea pig Impact vascular remodeling factors (59)

Abbreviations: p-CSA-BO-conjugated nanoparticle: placental-chondroitin sulfate A-binding peptide-conjugated nanoparticle; GalNAc siRNA conjugation: 
N-acetylgalactosamine-siRNA conjugation; PHPMA115-b-PDMAEMA115 : poly(2-hydroxypropyl methacrylamide-b-N, N-dimethyl aminoethyl methacrylate). 
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developing preeclampsia (60). Injecting sFLT-1 induces 
preeclampsia in pregnant rodents, while a pilot clinical 
study in humans demonstrated that removing sFLT-1 
by apheresis can mitigate endothelial dysfunction and 
delay delivery (61). Although apheresis is not accessible 
for large-scale clinical applications owing to its high 
price and complex requirements, it suggests that cor
recting the angiogenic imbalance could be a powerful 
therapeutic lever, offering a specific target suitable for 
gene therapy.

In 2017, Yu et al. developed a siRNA-sflt1-poly- 
amidoamine complex that suppressed sFLT1 expression 
and secretion in HTR-8/SVneo cells and improved 
pregnancy outcomes and maternal symptoms (mean 
arterial pressure and proteinuria) in a rat model of 
preeclampsia (52). The year after, Turanov’s team selec
tively silenced three sFLT1 mRNAs responsible for 
sFLT-1 overexpression in the placenta without influen
cing the expression of full-length FLT1 mRNA by using 
cholesterol siRNA conjugation. They successfully sup
pressed the clinical signs of placental dysfunction with
out adverse effects on fetuses in pregnant mice and 
baboons (53). After this landmark proof-of-concept 
paper, several studies were published, mainly aiming 
to optimize the delivery system to improve the out
comes and reduce the side effects (54–56). This work 
led to the development of the subcutaneously delivered 
sFLT-1 silencing drug CBP-4888, which obtained FDA 
Fast Track approval in August 2023 to undergo the 
phase 1 clinical trial. This drug is a fixed-dose combi
nation of two chemically synthesized, lipid-conjugated 
siRNA duplex oligonucleotides (siRNA-2283 and 
siRNA-2519) targeting two sFLT1 mRNA isoforms to 
specifically knock down sFLT1 expression in the pla
centa (62).

On the other side of the balance, VEGF was also 
considered another crucial molecule for the health of 
the endothelium, from the renal glomerulus to the 
brain and liver, as well as a crucial protein in FGR 
(63,64). Previous research reported that sFLT- 
1-induced preeclampsia in rodents was mitigated by 
injecting recombinant VEGF (65). Thus, the potential 
of VEGF-based gene therapy was acknowledged, and 
a 6-year prospective study aiming to assess the safety 
and efficacy of an adenovirus-carrying VEGF (Ad. 
VEGF) therapy in severe early-onset FGR was started 
(the EVERREST Project, NCT02097667) (66). Initially 
developed for FGR, Ad.VEGF therapy uses adenoviral 
vectors to overexpress VEGF-A and VEGF-D as they 
have the strongest angiogenic potency among the 
VEGF family (67). In 2020, Rossi et al. demonstrated 
the potential of VEGF-A and -D adenovirus conjuga
tion in treating placental dysfunction by showing their 

ability to induce tube formation in endothelium cells 
from humans, sheep, guinea pigs, and rabbits (68). 
Recently, Kelsey et al. transferred VEGFA mRNA 
encapsulated in ionizable lipid nanoparticles into tro
phoblast cell line JEG-3 and mice placentas, showing 
that VEGFA mRNA alone was sufficient to mediate 
placental vasodilation and, therefore, potentially treat 
placental insufficiency (57).

The insulin growth factors
Fetal growth restriction is a consequence of placental 
dysfunction and is often associated with hypertension 
in preeclampsia. In this regard, insulin growth factors 
(IGF), secreted by the placenta during gestation, are 
associated with trophoblast development, and their 
expression is positively correlated with fetal growth. 
There is growing evidence that targeted delivery of 
IGFs improves fetal growth. For instance, Jones’ team 
extensively studied IGF1 overexpression in in vitro and 
in vivo settings to treat FGR (69). They encapsulated 
plasmids expressing IGF1 under the control of the 
trophoblast-specific promoter CYP19A1 with a non- 
viral PHPMA115-b-PDMEAMA115 co-polymer. They 
demonstrated that their nanoparticles improved EVT 
differentiation, vascular remodeling, and glucose and 
amino acid transport capacities in guinea pigs (59). 
Similarly, the targeted delivery of liposomes-IGF-2 pro
tein to the placenta in an FGR mouse model improved 
placental weight and reduced the number of FGR 
fetuses, confirming the potential of this pathway (70). 
Although initially developed for FGR, these strategies 
show high promise for treating mild placental dysfunc
tion and could be of interest in more dysfunctional 
placentas, as seen in preeclampsia.

Micro RNAs
MicroRNAs (miRNAs) are a cluster of short and non- 
coding RNA, focusing on post-transcriptional regula
tion of gene expression and participating in diverse 
pathological processes. Unlike siRNA, miRNA can tar
get multiple mRNAs simultaneously, thus modulating 
several signaling pathways. Evidence suggests that 
endogenous miRNAs play an essential role in placental 
transcriptomics and are pivotal causes of preeclampsia. 
Indeed, miRNAs regulate cellular processes (such as 
trophoblast differentiation, proliferation, migration, 
and invasion) and the expression of angiogenesis- 
related factors, including sFLT-1 and VEGF (71). For 
example, placental expression of miR-210, miR-126, 
and miR-148/152 statistically differ between normoten
sive and preeclampsia patients, suggesting their poten
tial as diagnostic tools or therapeutic targets (72). 
Beards et al. demonstrated that miR-145 or miR-675 
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inhibitor peptide nucleic acid conjugate promoted cyto
trophoblast proliferation in human first-trimester pla
cental explants and increased fetal and placental weight 
in mice models (73). Although no miRNA-based drugs 
have been approved to treat placental dysfunction, sev
eral miRNA-based therapeutics against genetic, meta
bolic, and oncological diseases are undergoing clinical 
trials (74). It is not excluded that, due to the similarities 
between trophoblast differentiation and tumor develop
ment, anti-cancer miRNA-based therapeutics will also 
offer valuable options for preeclampsia shortly (75).

The renin-angiotensin-aldosterone system
Because of the proteinuria, it has been speculated that 
the renin-angiotensin-aldosterone system (RAAS) 
could play a role in preeclampsia. Although all the 
authors do not share this vision, animal models dis
playing excessive RAAS activation lead to preeclamp
sia-like phenotypes (76,77). Angiotensinogen (AGT) 
mutants are linked to hypertension in pregnancy, and 
reducing angiotensinogen levels in the blood by lipid 
nanoparticles encapsulated siRNA lowered blood pres
sure in spontaneous hypertensive Sprague-Dawley rats 
(78). In 2020, Haase et al. used N-acetylgalactosamine- 
siRNA targeting Agt in the reduced uterine perfusion 
pressure (RUPP) model, a rat model of preeclampsia. 
The results showed that reducing Agt expression miti
gated maternal hypertension and improved fetal out
comes without crossing the placental barrier, suggesting 
that RAAS could be usefully inhibited to treat the 
manifestations of placental dysfunction (58).

Pitfalls and conclusion

Although defective placentation is the primum movens 
of preeclampsia, the disease remains multifactorial, and 
the current research aims to target various adaptative 
mechanisms of the syncytium. Since the thalidomide 
tragedy, it is now acknowledged that the placenta is not 
a sanctuary for the fetus but a complex and dynamic 
interface between the maternal and fetal circulations. 
The systematic testing for developmental toxicity and 
our imperfect understanding of placental biology sig
nificantly slow down the advent of gene therapy in our 
field.

Model heterogeneity

Given the unique nature of the human placenta and 
ethical concerns, obstetric medicine has always suffered 
from the lack of a valid research model. Commonly 
used trophoblast cell lines like HTR-8/SVneo or BeWo 
oversimplify the research, while primary 

cytotrophoblasts are challenging to isolate and prone 
to variations between experiments. The human tropho
blast-derived organoids offer substantial advantages 
compared with 2D-culture models but are limited by 
the operational variability and the lack of uterine 
microenvironment (79). Animals offer a much more 
comprehensive reflection of the interactions and 
responses within an entire biological system, but even 
if placentas share many standard functions, they are 
arguably the least conserved and most rapidly evolving 
mammalian organs (80). Rodents and rabbits are com
monly used for studying placental development and 
associated diseases, yet significant differences exist 
between human and rodent placentas in structure and 
functioning (81). For instance, mice have a relatively 
short gestation period and shallower placental invasion, 
which limits their utility in studying placental transport 
efficiency and permeability. Inter-species variations in 
genetic material, epigenetic modifications, and regula
tory molecular networks inevitably limit the reliability 
and translatability of the findings to humans. Even the 
non-human primates (except gorillas and chimpan
zees), our closest relatives with hemochorial placenta
tion, do not show deep trophoblast invasion and hence 
do not spontaneously develop placental dysfunction 
(82). Thus, promising compounds can sometimes 
show strong efficiency in vitro and preclinical studies 
but turn out to be disappointing in humans (83).

Drug safety

Specific delivery of genetic information to the tropho
blasts remains the main obstacle, but it is also an 
unprecedented opportunity to reduce adverse effects 
for the fetus. The placenta imposes constraints on the 
transport of large molecules, making the molecular 
size and shape, targeting ligands, surface charge, and 
material composition critical factors influencing ther
apeutic outcomes (43). The number of gestational 
weeks should also be considered when designing the 
drug and delivery system due to the evolving structure 
of the placenta. For the viral systems, safety issues 
mainly concern immunogenicity, especially for adeno
viral vectors and epigenetic effects, even for noninte
grating vectors (84). Regarding the nanoparticles, the 
characterization of their safety profile is improving, 
but most evidence is derived from cell and animal 
models. For instance, a multi-layered BeWo model 
revealed that cobalt and chromium nanoparticles 
penetrated cell barriers and damaged adjacent cell 
layers (85). In mice, liver and neuronal toxicity were 
found in fetuses, although no pathological changes 
were evident in the placentas (86). Further research 
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is needed before translating to humans, and each type 
of non-viral vector must be independently tested for 
harmlessness. However, information about the safety 
and large-scale feasibility of DNA and mRNA cargo 
administration to the pregnant population was gained 
from the different vaccines against SARS-CoV-2 (87). 
Complementary to animal studies, rehabilitating the 
ex vivo perfusion of human cotyledons could bring 
new data about the pharmacokinetics and capture of 
the cargos developed for placental gene delivery 
(88,89).

Prospects and challenges

Despite its substantial benefits, integrating gene therapy 
into clinical practice will encounter several challenges. 
As exposed before, safety still must be monitored in 
humans, but carrying out clinical trials in pregnant 
women remains costly and ethically questionable, nota
bly regarding the potential long-term impacts on the 
fetal genome. Cost is also a limiting factor, especially 
when identifying new therapeutic targets. However, the 
COVID period proved that developing manufacturing 
chains for gene therapy was feasible and economically 
profitable. For instance, the anti-sFLT-1 siRNA CBP- 
4888 will likely be much more affordable and accessible 
to implement in large groups of patients than sFLT-1 
apheresis (61).

Conclusion

The decades of research in preeclampsia are paying off, 
although further insights into the molecular mechanisms 
remain necessary. The approval of CBP-4888 is the most 
advanced therapy and represents unprecedented hope for 
this incurable disease. We are likely at the dawn of a new 
era of treatments, providing specific, safe, and effective 
drugs for placental dysfunction.
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