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Abstract: Antiphospholipid syndrome (APS) is an autoimmune disorder characterized by thrombosis in arteries, veins or small blood
vessels, and/or obstetric APS (OAPS), as well as persistent positive antiphospholipid antibodies. In recent years, some authors have
proposed that the pathogenesis of APS is closely related to activation of vascular endothelial cells, immune cells, and complement
activation. However, further exploration is still needed. Previous studies have shown that the mammalian target of rapamycin (mTOR)
is associated with pro-inflammatory and pro-coagulant processes. This indicates that the activation of the mTOR signaling pathway
may function as an intermediate mediator, causing immune disorders, thereby leading to thrombosis and OAPS. Therefore, we should
correctly understand the potential pathogenic role of the mTOR signaling pathway in APS, which will be more conducive to clinicians’
understanding of the pathogenesis of this disease and the search for new therapeutic targets. We hope this can open up a new window
for the management of APS.
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Introduction

Antiphospholipid syndrome (APS) is an autoimmune disorder characterized by the formation of arterial and/or venous
thrombosis, various obstetric complications, and persistent positivity of antiphospholipid antibodies (aPLs).' For the
overall incidence and prevalence of APS, their estimates range from 1 to 2 cases per 100,000 people and from 40 to 50
cases per 100,000 people, respectively.! Regarding thrombosis, it can occur in any tissue or organ’s microvessels,
including those in the heart, lungs, kidneys, and other organs. The most common sites are the deep veins of the lower
extremities and the cerebral artery circulation. In obstetric APS (OAPS), it can lead to premature birth, miscarriage,
preeclampsia, premature rupture of membranes, and fetal distress, with severe cases posing a threat to life and having
a significant impact on the patient’s health and quality of life.”*

Thrombosis in APS was initially understood through the interference of aPLs with the regulation of the coagulation and
fibrinolysis systems,” but this was not comprehensive. With further research, aPLs are not only related to thrombosis but
also closely associated with obstetric complications such as recurrent miscarriage (RSM). At present, the pathogenesis of
APS is still unclear. Scholars have proposed various pathogenic mechanisms for this disease, including endothelial cell
activation, complement activation and complement-mediated damage, platelet activation, imbalance of anticoagulation and
fibrinolysis systems, immune cells (neutrophils, T cells, monocytes), and procoagulant effects of extracellular vesicles,'>
leading to procoagulant and pro-inflammatory consequences, and ultimately resulting in thrombosis and OAPS. The 16th

International Congress on Antiphospholipid Antibodies reviewed the treatment trends of APS and reported on the progress
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of its treatment, including the use of anticoagulant and antiplatelet drugs, adjuvant therapy, targeted therapy, complement
inhibition in patients with APS.? Although research on the pathogenesis and treatment has achieved gratifying results in
recent years, there is still a lack of a clear pathogenesis and more precise targeted treatment at present.

Mammalian target of rapamycin (mTOR) plays a significant role in cell metabolism, growth and survival. Studies in
animal models have shown that overactivation of mTOR signaling pathway is associated with autoimmune diseases, such
as psoriasis, etc.'”'! In 2014, the role of mTOR signaling pathway activation in APS was first described.'* Although
research is still ongoing, the mechanism of its action in the occurrence and development of APS has not been fully
elucidated. In addition, the excessive activation of mTOR signaling pathway is associated with immune disorders, such as
the activation of immune cells, platelets and endothelial cells, and the secretion of pro-inflammatory and pro-coagulant
factors,'® which disrupts the balance of the immune system and is closely related to APS thrombosis or OAPS, but further
exploration is still needed. Therefore, the purpose of this article is to review the role of mTOR in APS, thereby further
understanding the potential pathogenesis of APS and seeking potential therapeutic targets for the treatment of APS.

mTOR

mTOR is a serine/threonine kinase and belongs to the phosphatidylinositol 3-kinase (PI3K) -related kinase family.'* It is
a highly conserved protein, composed of 2549 amino acids, with a molecular weight of approximately 289 kD.'* It is an
important component of the PI3K/protein kinase B (AKT)/mTOR pathway and one of the most significant pathways.'®
The protein kinase complex formed by mTOR includes mTORC1 and mTORC2.!” The main function of mTORC] is to
sense nutrients and growth factor signals to promote anabolic metabolism, such as protein synthesis and lipid synthesis,
and inhibit catabolic pathways, such as lysosomal biosynthesis and autophagy, to create nutrients through autophagy to
promote cell survival.'® Under favorable conditions, mnTORC]1 can initiate the biosynthetic pathway for cell growth and
proliferation by phosphorylating the ribosomal protein S6 kinase (S6K) and eukaryotic initiation factor 4E.'” The main
functions of mTORC2 are closely related to cell survival, metabolism and cytoskeletal organization.'® Under normal
circumstances, the balance of mTOR plays a significant role in immune balance. Research has found that a reduction in
its activation may lead to immune deficiency, impaired development, proliferation and migration of lymphocytes, while

an increase in activation is associated with autoimmune diseases.'®>°

Importance of mTOR Signaling Pathway in Immune Function

The mTOR signaling pathway plays a crucial regulatory role in the differentiation, activation and functional character-
istics of immune cells. Therefore, the role of the mTOR signaling pathway in the development and function of immune
cells after activation has received extensive attention. For instance, in monocytes and macrophages, mTORCI1 plays
a role in regulating the balance between pro-inflammatory and anti-inflammatory effects. The protein encoded by the
tuberous sclerosis 2 gene (TSC2) is an upstream inhibitory factor of mTORCI. The loss of TSC2 in monocytes leads to
the activation of the mTORCI signaling pathway, which not only enhances the production of IL-10 and reduces the
production of pro-inflammatory cytokines such as IL-6, IL-12, IL-23 and TNF-a in response to lipopolysaccharide
stimulation,”'** but also may induce the transformation of monocytes into other phenotypes of macrophages. In
macrophages, continuous activation of mTORC]1 can promote their own hypertrophy and proliferation, which is related
to the formation of granulomas in the body.>® This indicates that the excessive activation of the mTORCI signaling
pathway in macrophages is associated with the occurrence and development of immune pathology. In adaptive immunity,
activated dendritic cells can typically present antigens through T-cell receptors, thereby initiating the activation,
proliferation and differentiation of CD4+ and CD8+ T cells. The high level of mTOR is associated with an active
metabolic state, while the low level of mTOR is related to the quiescent state of T cells and B cells.>* During the initial
CD4+ activation process, the high activity of mTOR in T cells supports the expression of key transcription factors
necessary for their differentiation into T helper (Th) 1, Th2 and Th17 cells. When mTOR signaling is absent, T cells
differentiate into cells that produce regulatory T (Treg) cells and T follicular helper (Tfh) cells.** Study has shown that
rapamycin inhibits mTOR or the deletion of the mTOR gene can suppress the differentiation of Thl, Th2 and Th17
effector cells, while promoting the differentiation of Treg cells.”® This is related to the increase in the expression of
forkhead box P3 (FOXP3) after the mTOR signaling pathway is inhibited. Study has shown that when the mTOR gene is
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knocked out in mice, they exhibit an excessive number of FOXP3+ Treg cells, and these cells outnumber Thl and Th2
cells.”® However, in another study, when the TORC1 gene was specifically knocked out in FOXP3+ Treg cells, it led to
a severe loss of Treg inhibitory activity in the body and the development of a fatal early-onset inflammatory disease.
Notably, the activation of TORC] is still necessary for the function of Treg cells.”” The germinal centers of Tth cells are
activated, thereby generating antibodies.>* Additionally, in T cells stimulated by cytokines, mTOR regulates the transition
of the cell cycle from the G1 phase to the S phase, thereby making mTOR more active.”* For instance, IL-12, after
binding to the receptors on T cells, activates the mTOR signaling pathway in T cells, and then drives the development of
Th1 cells by stimulating the production of IFN-y.”® Regarding the role of the mTOR signaling pathway in B cells, for
instance, its function in B cell development, differentiation and function is less studied compared to that in T cells. In
mouse models, when the mTOR post-transcriptional process is disrupted, there is a partial blockage of B cell develop-
ment from large pre-B cells to small pre-B cells, and the proliferation response in the B cell mitotic signal is impaired.*’
At the same time, it can also reduce the survival, proliferation, oxidative and glycolytic metabolic capabilities of pre-B
cells, causing an obstruction at the early pre-B cell stage, accompanied by the loss of immature and mature peripheral
B cells, impairment of plasma cell function, and thus disrupting the early stage of antibody production.*®*' The above
indicates that the mTOR signaling pathway plays a crucial role in maintaining immune balance by regulating immune
cells. If it is over-activated, it may trigger the occurrence of autoimmune diseases. In Table 1, we summarize the effects
of excessive activation of the mTOR signaling pathway on immune cells.

Potential Mechanisms of mTOR Signaling Pathway in the Pathogenesis of OAPS

Firstly, we understand the role of the mTOR signaling pathway in normal pregnancy. Although there are some differences in
the biological functions of mMTORC1 and mTORC?2, they are of great significance in normal pregnancy. For instance, the
mTORC?2 signaling pathway mainly participates in the regulation of placental inflammation, the transport of trace nutrients,
and angiogenesis.*” Study has shown that inhibiting the mTORC2 signaling pathway can down-regulate the expression of
cell division cycle protein 42, leading to reduced placental amino acid transfer and slower fetal growth, which is associated
with intrauterine growth restriction (IUGR).**> The mTORC]1 signaling pathway can also regulate the uptake of folic acid by
human placental trophoblast cells, providing a direct link between placental function, gene methylation, and fetal
programming.>* Maternal inflammatory conditions are associated with RSM. Study has shown that inhibiting the
mTORCI signaling pathway can suppress the activation of inflammasomes and improve complications related to repro-
ductive immunity.>> In addition, the mTOR signaling pathway plays an active role in normal pregnancy by regulating
autophagy, as autophagy helps regulate chorionization, trophoblast invasion, and immune action at the maternal-fetal
interface.**>” Usually, during normal pregnancy, the mother can enhance autophagy through self-regulation and promote
the process of decidualization, which is beneficial for the growth of embryo implantation.*® However, during the
decidualization process, there is a significant consumption of energy. In this situation, the maternal-fetal interface
experiences hypoxia and low nutritional status. This environment can further stimulate autophagy, rescue ROS-induced

Table | Influence of mMTOR Excessive Activation on Various Immune Cells

Immune Cells Potential Influence

Monocytes Transition to MI-phenotype macrophages. The production of the anti-inflammatory cytokine IL-10 is decreased and the
production of pro-inflammatory cytokines are increased, such as IL-6, IL-12, IL-23, and TNF-a.

Macrophages Hypertrophy and proliferation are associated with immunopathology.
Dendritic cells Antigen presentation. Activate, proliferate and differentiate T cells.
T cells Promote T cell differentiation into Thl, Th2 and Thl7 cells. Has a certain inhibitory effect on the Tfh cells, but can still be

activated B cells to produce antibodies. Inhibition of FOXP3 expression leads to severe loss of Treg cells.

B cells The proliferation, oxidation, glycolytic metabolism and survival ability of B cells were enhanced. Differentiates into plasma cells

and produces antibodies.
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cell apoptosis, promote trophoblast invasion, spiral artery remodeling, and placental angiogenesis.*® However, excessive
autophagy also brings certain negative effects. The mTOR signaling pathway also regulates the migration and invasion
functions of extravillous trophoblast cells (EVT) by modulating autophagy, balancing energy sources and responding to
nutritional/oxygen stress, thereby contributing to placental development.® Furthermore, the mTOR signaling pathway can
regulate the infiltration, enrichment and functional regulation of decidual immune cells through autophagy.®” For instance,
inhibiting the excessive activation of the mTOR signaling pathway and enhancing autophagy can reduce the secretion of
insulin-like growth factor 2 in the trophoblast, decrease the expression of killing receptors such as CD16, natural killer (NK)
G2D, NKP30 and NKP46, thereby inhibiting the toxicity of decidual NK (dNK) cells and reducing the miscarriage rate.>®
At the same time, it promotes the polarization of decidual macrophages towards anti-inflammatory M2-like macrophages,
thereby reducing the loss of the fetus.*® Study has shown that if mTOR is blocked, decidual macrophages will polarize
towards the M2 phenotype, which may promote the polarization of macrophages towards the pro-inflammatory M1
phenotype, leading to fetal rejection and increasing the probability of fetal loss.*’ These immune cells facilitate maternal-
fetal immune tolerance during pregnancy and play a crucial role in promoting endometrial decidualization, trophoblast
invasion, placental development, vascular remodeling, and fetal growth.**41:4?

In APS, study has shown that anti-cardiolipin antibodies (aCL) can activate the mTOR signaling pathway.** In this
case, Tth cells promote B cell activation and differentiate into plasma cells, thereby generating more pathogenic
antibodies. These antibodies, after binding to self-antigens, can trigger complement activation, leading to the production
of pro-inflammatory fragments C5a and C3a.** When the C5a receptor on immune cells binds to C5a, it can trigger the
release of pro-inflammatory mediators, attract and chemoattract a large number of monocytes to infiltrate the decidua,
and possibly cause macrophages to polarize towards the pro-inflammatory M1 phenotype, resulting in an explosive
inflammatory response. These inflammatory cells and inflammatory mediators act on the placenta, thereby triggering
placental inflammation,*’ ultimately leading to fetal damage. In addition, studies have shown that aPLs can promote the

activation of mTOR signaling pathway and inhibit autophagy,*®*’

which leads to pregnancy loss. Specifically, the
activation of the mTOR signaling pathway can promote the nuclear translocation of retinoic acid receptor-related orphan
receptor (ROR)vyt, regulate the differentiation of Th17 cells, promote the differentiation and function of effector T cells,
and inhibit the expansion of the Treg cell population.*®**’ The reduction in the number of Treg cells is associated with
insufficient EVT infiltration and poor spiral artery remodeling, which leads to unstable placental development and results
in shallow placental implantation.>® At the same time, it can further cause an overly strong Th17 cell response, which can
induce the activation of dNK cells and the secretion of pro-inflammatory cytokines (such as IFN-y and TNF-a), perforin
and granzymes, thereby causing damage to the target cells.”’ This may damage the placental vascular endothelial cells,
lead to the formation of placental microthrombi, and subsequently result in OAPS. Excessive Th17 cells and the
cytokines they secrete can also cause neutrophils to be chemoattracted, leading to uncontrolled infiltration of neutrophils
at the maternal-fetal interface.’® This may result in a decrease in essential angiogenic factors and vascular endothelial
growth factors, ultimately leading to abnormal placental formation and fetal death. Study in mice have shown that an
increase in the ratio of Th17/Treg cells can lead to the occurrence of miscarriage.*’ After using mTOR signaling pathway
inhibitors (rapamycin), the protein levels of mTOR and RORyt can be reduced, the expression of FOXP3 can be
increased, and the imbalance between Treg and Th17 cells can be corrected.”® In patients with recurrent implantation
failure (RIF), the ratio of Th17/Treg was elevated. Low-dose rapamycin treatment was administered to induce the
expansion of Treg cells, thereby correcting the imbalance of Th17/Treg ratio by regulating the Th17/Treg axis, and
improving the reproductive outcomes of the patients.>* In summary, in APS patients, aPLs activate the mTOR signaling
pathway, leading to an imbalance in various immune cells, such as B cells, monocytes, dNK cells, Treg/Th17 cells and
their related cytokines, as well as enhanced cytotoxicity of dNK cells and imbalance in T cell phenotypes. Through
continuous amplification of the inflammatory response, the regulation of immune homeostasis at the maternal-fetal
interface is disrupted. This not only inhibits the remodeling of uterine spiral arteries but also damages the placenta and

reduces the number of fetal capillaries, leads to placental microthrombosis, and ultimately results in OAPS (Figure 1).

4 https: Drug Design, Development and Therapy 2026:20



Huo et al

@YY — ey

B cell aPLs Placental vascular
endothelial cell injury,
— vascular remodeling
—I O IFN-y, TNF-a, disorders, placental
Tth cell IL-2, IL-17 dysplasia

9 @ Placental inflammation
. Thicell - Decreased autophagy
e (O‘)- Q O - 9 ability, imbalance of

q immune cells at the

Tho cell | o ORTPZ cell Macrophages to _ maternal-fetal
T, o proinflammatory mterf.ace, and poor
M1 phenotypic goicallare
Th17 cell olarization remodeling lead to
P shallow placenta
- o accreta
Treg cell ™ Increase the
expression of 1
killer receptors
— .@ —_> 0 > such as CD16,
NKG2D, NKP30 .
Monocyte Macrophage and NKP46 @
g @
OAPS

Figure | Potential pathogenesis of mTOR signaling pathway activation in OAPS. In OAPS, when aPLs bind to various cells, they can activate the PI3K-AKT-mTOR pathway.
Under the regulation of S6RP, this leads to the activation of multiple immune cells and a series of consequences, such as B cells producing more autoantibodies and activating
the complement pathway. ThO cells differentiate into Thl, Th2 and Th17 cells, inhibit Treg cells, and cause an imbalance between Treg and Th17 cells. Although it can partially
inhibit Tth cells, it further activates B cells, transforming monocytes into M| type macrophages and secreting various inflammatory cytokines. At the same time, it increases
the expression of killing receptors such as CD 16, NKG2D, NKP30 and NKP46, and enhances the toxicity of dNK cells. Taking all these factors into account, it can cause an
imbalance in the immune response at the maternal-fetal interface, leading to placental inflammation. The damage to the placental vascular endothelial cells inhibits the
remodeling of the uterine spiral arteries, interferes with the normal EVT invasion, and ultimately results in abnormal placental formation and fetal absorption.
Abbreviations: OAPS, obstetric antiphospholipid syndrome; PI3K, phosphatidylinositol 3-kinase; mTOR, mammalian target of rapamycin; Akt, protein kinase B; S6RP, S6
kinase ribosomal protein; RORyt, retinoic acid receptor-related orphan receptor yt; P, phosphorylation; IL, interleukin; TNF, tumor necrosis factor; IFN, interferon; aPL,
antiphospholipid antibody; Th, T helper; EVT, extra-villous trophoblast; Treg, regulatory T; NK, natural killer; dNK, decidual natural killer.

Potential Mechanisms of mTOR Signaling Pathway in Thrombosis in APS

In APS, the mTOR signaling pathway is closely related to thrombus formation. Firstly, under normal circumstances,
when the body is injured, tissue factor (TF) can activate factor VII to initiate intracellular coagulation, promoting the
release of thrombin, converting fibrinogen into fibrin, and by activating other coagulation factors (V, VIII, and XI),
maintaining the stability of the fibrin clot and further amplifying the coagulation process,” thereby playing a role in
hemostasis. The study has found that anti-B2GPI antibodies can bind to monocytes and activate the mTOR signaling
pathway within monocytes, thereby activating the cells themselves. On the other hand, it can increase the expression and
activity of tissue factor (TF) and IL-8.%° TF is the main initiating factor for thrombosis, which also indicates that the
activation of the mTOR signaling pathway in monocytes is closely related to its pro-inflammatory and pro-coagulant
phenotypes.”” APLs can trigger an inflammatory response in vascular endothelial cells. Additionally, due to changes in
hemodynamics, the mTOR signaling pathway activates monocytes, leading to an increase in the expression of adhesion
molecules. Monocytes can adhere to endothelial cells through adhesion molecules, causing chronic and persistent
inflammation in the endothelial cells and resulting in their damage. At the same time, the activation of the mTOR
signaling pathway in monocytes can transform them into pro-inflammatory macrophages, generating a large amount of
inflammatory factors and TF.>® These inflammatory cytokines (such as IFN-y and TNF-0) cause T cells to differentiate
into Thl type cells,’® further aggravating endothelial cell damage. Additionally, the activation of the mTOR signaling
pathway in T cells promotes the nuclear translocation of RORyt, while at this time the expression of FOXP3 decreases.
As a result, the number of Treg cells is low, unable to control the proliferation of IL-17+ T cells and generating excessive
IL-17. IL-17 can induce endothelial cells to secrete pro-inflammatory cytokines and chemokines, which are related to the
promotion of leukocyte recruitment and endothelial cell invasion.>**® The activation of the mTOR signaling pathway in
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monocytes/macrophages and T cells can trigger endothelial cell damage, which may not only cause arterial/venous
thrombosis but even induce thrombotic microangiopathy.®' 3

Anti-B2GPI antibodies can also cause platelet activation through mTORCI-mediated Fcy receptor 11a.°* Platelet
activation can lead to an increase in thromboxane A2 production, an increase in glycoprotein IIb/IIla expression, and an
increase in platelet-derived microparticles formation, thereby triggering thrombosis.” In another study, anti-p2GP1
antibodies enhanced platelet activation by activating the platelet Akt/mTORC2 signaling pathway, which was consistent
with the excessive activation of APS platelets upon stimulation, manifested as an increase in mRNA levels related to
platelet activation, thereby inducing thrombosis.®> After activation, platelets can express P-selectin on their own surface
and bind to receptors on monocytes, forming a complex.®®®” This complex, under the mediation of chemokines,
increases the binding of platelet factor 4 to the surface of monocytes and causes the platelets to accumulate on the

endothelial cells,68’69

which is related to thrombosis. In addition, in an in vitro model, IgG isolated from the blood of
female APS patients with previous OAPS and vascular thrombosis was able to activate mTOR in human umbilical vein
endothelial cells.*® Regarding the mTOR signaling pathway in aPLs-positive patients, there have been studies reporting
that mTOR is involved in the development of aPLs endothelial cell damage, dysfunction, and proliferation.”” When the
above-mentioned damage occurs to the vascular endothelial cells, their collagen is exposed in the circulation and, under
the action of monocytes, forms platelet-rich thrombi.”' Meanwhile, after activation by various receptors and ligands
between endothelial cells, monocytes, and platelets, they can reduce the expression of anticoagulant molecules and
adhesion molecules (such as E-selectin, etc.), thereby leading to an increase in vascular endothelial cell inflammatory
response and promoting coagulation, causing imbalance in the anticoagulation and fibrinolysis systems, and making the
fibrin network denser, with lower permeability and reduced susceptibility to dissolution.”””' From the above, it can be
seen that the activation of the mTOR signaling pathway in APS can trigger platelet activation, imbalance of the
anticoagulation and fibrinolysis systems, and an increase in the level of fibrinogen in the circulation, which may be
related to the formation of arterial and venous thrombosis.”? In severe cases, microvascular lesions can occur, affecting
occlusive vascular lesions of small blood vessels in multiple organs such as the kidneys, lungs, brain, heart and liver,
resulting in catastrophic APS.” We have summarized the potential role of mTOR signaling pathway activation in
thrombosis formation in APS in Figure 2 as discussed above.

The Potential of Targeting mTOR Signaling Pathway in the Treatment of APS

The pathogenesis of APS is rather complex, and the specific treatment plan is still unclear. The current strategy
emphasizes anticoagulation as the foundation of treatment, and the standard protocol usually includes vitamin
K antagonists and low-molecular-weight heparin. It is necessary to monitor the international normalized ratio and assess
the risk of bleeding.”® Other treatments include direct oral anticoagulants (dabigatran), or direct factor Xa inhibitors
(rivaroxaban, edoxaban or apixaban), and low-dose aspirin (LDA).”> Symptomatic treatment includes hydroxychloro-
quine (HCQ), statins and vitamin D.”® Targeted treatments include rituximab, belimumab, anti-TNF drugs, complement
inhibitors, etc.”’® In the context of OAPS, the existing evidence supports the use of LDA and heparin to reduce the
miscarriage rate, and HCQ is of great significance in increasing the live birth rate and reducing preterm birth.”* Although
these drugs have achieved certain therapeutic effects in the aspects of APS thrombosis and OAPS, the specific
pathogenesis of APS is not clear, and it is currently impossible to cure it completely. Therefore, the current demand
for potential therapies is highlighted. In the above description, we have mentioned that the excessive activation of the
mTOR signaling pathway in APS patients leads to immune disorders, which are related to the occurrence and
development of APS. Eventually, it may result in OAPS or thrombosis, and even pose a threat to life. Therefore,
targeting the mTOR signaling pathway is of vital importance for improving the outcomes of APS patients.

In vitro study has revealed that the mTOR signaling pathway is involved in the activation of platelets in APS.°® After
treating with mTOR signaling pathway inhibitors (rapamycin or everolimus), the mTOR signaling pathway in monocytes
and endothelial cells was inhibited, thereby suppressing platelet aggregation induced by aPLs and blocking the interac-
tion between anti-B2GPI antibodies and the low-affinity Fcy receptor Ila on the platelet surface, thereby preventing
platelet activation.®® This is also closely related to the inhibition of thrombosis. In another study, anti-B2GPI antibodies

activated monocytes by activating the mTOR signaling pathway and increased the expression of TF and IL-8.°® After co-
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Figure 2 Potential pathogenesis of mTOR signaling pathway activation in thrombosis in APS. In APS, anti-B2GPI antibody binds to cells through P2GPI protein and activates
mTOR signaling pathway in a variety of immune cells, including B cells, T cells, monocytes and platelets. The activation of these cells is related to the formation of autoantibodies,
the activation of the complement pathway to produce the pro-inflammatory fragment C5a, and the secretion of pro-inflammatory cytokines and pro-coagulation factors. Under
the combined effect of these factors, endothelial cells can be damaged, and monocytes, platelets and tissue factors gather at the damaged site, further leading to increased
expression of adhesion molecules and enhanced inflammatory response, ultimately resulting in the formation of a thrombus. mTOR, mammalian target of rapamycin.
Abbreviations: IL, interleukin; TNF, tumor necrosis factor; IFN, interferon; aPL, antiphospholipid antibody; Th, T helper; B2GPI, B2-glycoprotein I; Th, T helper; C5a,
Complement 5a; TF, Tissue factor.

culturing monocytes with the mTOR signaling pathway inhibitor rapamycin (100 nM), their expression was down-
regulated, indicating that the inhibition of the mTOR signaling pathway may be beneficial for preventing and treating
inflammatory thrombosis in patients with APS mediated by aPLs.>® In addition, when anti-p 2GPI antibodies are co-
cultured with human umbilical vein endothelial cells, the f2GPI/anti-B2GPI complex can activate the PI3K/AKT/mTOR
signaling pathway in endothelial cells and inhibit autophagy, inducing the expression of inflammatory cytokines, leading
to inflammation, damage and dysfunction of endothelial cells.”” After rapamycin was added, the autophagy of endothelial
cells was activated, which inhibited their apoptosis and downregulated the expression of pro-inflammatory factors IL-1p,
IL-6 and intercellular adhesion molecule-1, thereby alleviating the damage of endothelial cells.”®

In animal models, researchers injected the representative marker antibody against 2 GPI, which is characteristic of
APS patients, into mice to create an APS mouse model and induce thrombosis in the carotid arteries of the APS mice.”®
After using the mTOR signaling pathway inhibitor (rapalink-1), the levels of the anti-B2GPI antibody and aCL decreased,
while the infiltration of macrophages was reduced and autophagy was enhanced, significantly preventing the occurrence
and progression of the thrombus plaque area.”® In OAPS, the activation of the mTOR signaling pathway plays a crucial
role. It may weaken the invasive ability of trophoblast cells, disrupt spiral artery remodeling and cause abnormal
decidualization of the endometrium, all of which can lead to miscarriage.”” Targeting the mTOR signaling pathway
can regulate the balance between immune cells, autophagy and cytokines in experimental models, thereby facilitating
pregnancy.*’ In the rat model of pregnancy loss induced by aCL-IgG isolated from the serum of APS patients, they
exhibited decreased fetal weight and increased fetal absorption rate.”® After treatment with hyperoside (40 mg/kg)
targeting the mTOR signaling pathway, the highly activated mTOR and S6K in the mouse placenta were inhibited,
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enhancing autophagy and anti-inflammatory levels, reducing IL-1B and IL-8 levels, and improving the pregnancy
outcome (increased fetal weight and decreased absorption rate).”® Similarly, in a mouse model with a predisposition to
miscarriage, treatment with the mTOR signaling pathway inhibitor, epimedium glycoside (50 mg/kg), led to an increase
in the expansion of Treg cells, a reduction in Thl cells, and a decrease in the expression of pro-inflammatory factors,
thereby reducing placental inflammation and preventing spontaneous miscarriage in the mice.”®

In terms of clinical application, it mainly focuses on the treatment of thrombosis. Currently, there is still a lack of
relevant research in this area. Mexico reported a case of a patient with APS and myocardial infarction who underwent
stent implantation during hospitalization. After the operation, the patient was treated with aspirin, clopidogrel, and
warfarin and was discharged in good condition. After the operation, the patient experienced angina pectoris twice, and
coronary angiography showed varying degrees of internal occlusion. Subsequently, stents coated with sirolimus were
implanted, and the patient remained asymptomatic. Repeated coronary angiography showed no stent stenosis, thrombo-
sis, or intimal hyperplasia.®® In another case, it was also found that APS was combined with coronary microcirculation
obstruction. Through histological examination of endomyocardial biopsy, it was confirmed that there was coronary
obstructive microvascular disease. After three intravenous injections of 1000mg methylprednisolone, this patient began
to receive sirolimus (1mg per day) treatment. The clinical condition improved and during the 12-month follow-up visit,
the patient reported no discomfort.®' The activation of the mTOR signaling pathway is associated with vascular damage,
especially in the kidneys. A case of refractory lupus nephritis secondary to APS was reported in China. The renal biopsy
met the WHO III grade criteria for lupus nephritis and was accompanied by acute tubular injury. Immunofluorescence
confirmed the activation of the mTOR signaling pathway. After treatment with the mTOR signaling pathway inhibitor
sirolimus for 6 months, the patient achieved complete remission and maintained a disease-free remission for the next 3.5
years.®? In addition, the endothelial cells of the renal vessels in APS patients have activated the mTORC signaling
pathway. After using sirolimus, the renal function of aPL-positive kidney transplant recipients was protected, reducing
the proliferation of blood vessels and preventing recurrence.”’ In the study, 10 patients received sirolimus treatment,
among whom 7 (70%) had normal kidney graft function 144 months after transplantation, while only 3 (11%) of the 27
untreated patients did.”® The authors also found that the activation of the mTOR signaling pathway was also observed in
the autopsy vessels of patients with catastrophic APS.”°

Through the above retrospective summary of studies from in vitro research to animal experiments and then to clinical
applications, it has been demonstrated that targeting the mTOR signaling pathway has significant benefits in the treatment
of APS, especially in the aspect of thrombosis. However, there are also some limitations regarding the efficacy of
targeting the mTOR signaling pathway for patients with ASP at present. Firstly, APS is a heterogeneous disease.
Currently, the pathogenesis of the mTOR signaling pathway in APS has not discussed the heterogeneity (such as triple
aPL positive type and single aPL positive type; primary and secondary APS), and there is a lack of stratification of
mechanisms/treatment significance based on disease phenotypes. Secondly, in the current research, more emphasis is
placed on preclinical studies (in vitro studies and animal experiments), while clinical applications are mainly in
individual cases. Preclinical studies may differ from those in humans. Therefore, we hope that in the future, there will
be more research to explore large-scale prospective studies to investigate the efficacy of mTOR signaling pathway
inhibitors in treating patients with APS, both in terms of thrombosis and OAPS. At the same time, this will be beneficial
for us to assess its safety and efficacy, further supporting our conclusion and making our conclusion more universal.

Potential Adverse Effects of Targeting mTOR Signaling Pathway

With the increasing understanding of the disease, mTOR signaling pathway inhibitor therapy is more and more widely
used. Currently, they have been approved for use in immunosuppressive therapy in cancer patients and for preventing
rejection reactions after allogeneic organ transplantation.®> There are also some diseases that are activated through the
mTOR signaling pathway, such as inflammatory bowel disease, renal cell carcinoma, prevention of Alzheimer’s disease,
delaying aging, and prevention of other age-related diseases.’®**® It is also considered that mTOR signaling pathway
inhibitors can be used for treatment. In the field of rheumatic diseases, in systemic lupus erythematosus, rheumatoid
arthritis, ankylosing spondylitis, psoriatic arthritis, systemic sclerosis and osteoarthritis, with the further study of the
pathogenesis, it has been found that the activation of the mTOR signaling pathway plays an important role in these
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Table 2 Possible Adverse Reactions of mTOR Inhibition

Different Systems or Possible Adverse Reactions [Refs.]
Organs

Pulmonary Including lymphocytic interstitial pneumonitis, lymphocytic alveolitis, bronchiolitis obliterans with organizing | [88, 89]

pneumonia, focal pulmonary fibrosis, diffuse alveolar hemorrhage, or a combination thereof.

Hematopoietic Including anemia, leukopenia, and thrombocytopenia. [90, 91]
Metabolic disorders Including hyperlipidemia, diabetes, metabolic syndrome. [92, 93]
Electrolyte disorder Hypophosphatemia. [94]
lymph Lymphedema. [95]
Cardiovascular Hypertension. [96]
Cutaneous Edema, acne, epistaxis, aphthous ulceration, nail disorders and vasculitis. [97, 98]
Gonadal impact Influence of sex hormone production, erectile function and fertility. [98]
Infections Mycobacterium, cytomegalovirus. [99, 100]
Bone Osteopenia, osteoporosis, and osteonecrosis. [98]
Gastrointestinal Diarrhea, vomiting, anorexia and bowel perforation. [1o1]
Kidney Proteinuria. [102]
Others Fatigue, alterations in taste, and asthenia. [103]

diseases.®” Therefore, the mTOR signaling pathway may become a potential favorable therapeutic target for this
autoimmune disease, and it is expected to extend the life expectancy by blocking the mTOR signaling pathway.
Although there are potential advantages, blocking the mTOR signaling pathway may also cause some adverse reactions.

We have summarized these adverse reactions in Table 2. 387193

Conclusion

Thrombosis and OAPS caused by APS not only seriously affect the quality of life of patients, but also increase their
economic burden. However, the specific pathogenesis behind these conditions remains unclear. The immune disorder caused
by activation of the mTOR signaling pathway is a potentially important factor in the pathogenesis of APS thrombosis and
OAPS. Targeting the mTOR signaling pathway plays a crucial role in regulating immune balance. Therefore, it is a promising
and beneficial drug in the treatment of APS, but attention should also be paid to the related adverse reactions. However, at
present, there are still insufficient relevant clinical studies on targeted mTOR signaling pathway therapy in APS. Most of the
research focuses on preclinical studies. We expect that in the future, there will be more large-scale prospective clinical studies
to further confirm the efficacy and deeper mechanisms (such as the pathogenesis related to the mTOR signaling pathway in
the heterogeneity of APS). Especially stratifying the mechanisms according to disease phenotypes is of great significance for
treatment. At the same time, exploring more about the optimal drug dosage and safety of mTOR signaling pathway inhibitors
in APS is expected to further open up new treatment windows for APS.
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