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Abstract: Sepsis is a systemic inflammatory response syndrome triggered by the invasion of bacteria or pathogenic microorganisms
into the human body, which may lead to a variety of serious complications and pose a serious threat to the patient’s life and health.
Liquid-liquid phase separation (LLPS) is a biomolecular process in which different biomolecules, such as proteins and nucleic acids,
form liquid condensates through interactions, and these condensates play key roles in cellular physiological processes. LLPS may
affect the development of sepsis through several pathways, such as modulation of inflammatory factors, immune responses, and cell
death, by altering the function or activity of biomolecules, which, in turn, affect the cellular response to infection and inflammation. In
this paper, we first discuss the mechanism of phase separation, then summarize the studies of LLPS in sepsis, and finally propose the
potential application of LLPS in sepsis treatment strategies, while pointing out the limitations of the existing studies and the directions
for future research.
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Introduction

Cellular biochemical reactions are the fundamental structural components of living organisms, requiring precise regulation to
avoid interference among various reactions that can disrupt normal physiological functions and potentially lead to disease. In
addition to the formation of classical organelles via biomembranes, liquid-liquid phase separation (LLPS) is employed in cells
to compartmentalize substances into distinct regions, thereby coordinating the orderly progression of various intracellular
reactions. LLPS in cells typically involves the formation of discrete droplet-like structures. These structures, known as
membraneless organelles or biomolecule condensates, are created through a phase separation mechanism' and play an
important role in cellular physiological processes such as macromolecular assembly and gene expression.” Sepsis is defined
as life-threatening organ dysfunction caused by a dysregulated host response to infection. This new definition emphasizes on
the impact of an imbalanced immune response with organ dysfunction, rather than straightforward infection.” LLPS has been
found to affect several cellular processes including intracellular signaling and immune responses by altering the function or
activity of biomolecules and thereby modulating the normal function of cells.*> Despite growing interest in LLPS, the specific
mechanisms underlying phase separation in sepsis are not well understood. Therefore, this paper focuses on the role of phase
separation in the inflammatory response and immunoregulatory mechanisms caused by sepsis. Firstly, we introduce the
definition and basic principles of phase separation, then we introduce the mechanism of phase separation in the immune
response of sepsis, and we propose the potential therapeutic strategies of phase separation in sepsis, the limitations of the
current technology and the direction of future research.
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An Overview of LLPS
Definition of LLPS

LLPS refers to the process by which multiple liquid mixtures spontaneously segregate into distinct phases under certain
conditions. Brangwynne et al were the first to identify that P granules in Caenorhabditis elegans (C. elegans) exhibited
fluid characteristics and were localized on the posterior side of the cell. They proposed that these structures, composed of
P granules along with other proteins and RNA, are formed intracellularly through LLPS.® Subsequent studies of other
membrane-less structures in cells, such as nucleoli’® and stress granules,” have revealed that these entities exhibit fluid
characteristics similar to those observed in P granules. The proximity of total protein concentration in the cell to that
measured in the cytoplasm further suggests that the formation of these membraneless organelles results from the
spontaneous segregation of different material phases.'® LLPS is recognized as a common mechanism underlying the
assembly of membraneless organelles. It is generally accepted that the cytoplasm acts as a liquid, serving as a soluble
phase, while RNA and proteins undergo phase separation to form a concentrated phase within the cell, resulting in the

: - 1,11
creation of membrane organelles, also known as biomolecule condensates.

Basic Principles

The structure and chemical properties of molecules involved in LLPS play an important role in the process of phase
separation. In cells, LLPS can be understood as the process of formation of multiphase droplets that achieve an
intracellular equilibrium state due to differences in biophysical properties such as solubility and varying surface tensions,
when various components within the cell are mixed.'? LLPS is a process capable of transformation, allowing liquids to
transition into gel-like states. These gel-like substances typically require specific changes in conditions to revert to
a liquid state.'> Research on the role of the Fused in Sarcoma (FUS) protein in amyotrophic lateral sclerosis (ALS) has
revealed a shift from liquid to aggregated states in vitro. The mislocalization of FUS leads to abnormal aggregation by
disrupting its interactions with RNA-binding proteins, which normally help prevent the aberrant liquid-to-solid phase
transition of FUS. Neurodegenerative changes are exacerbated by the dysfunction of RNA-binding proteins, which
contribute to abnormal aggregation and phase transitions.'*'

For proteins and RNA, the multivalent interactions—arising from their ability to engage in multiple binding
interactions—serve as a crucial driving force for LLPS. The presence of LLPS is commonly observed in multivalent
systems, indicating that interactions among multivalent molecules are integral to various biological processes.'® When
mixed, these multivalent molecules undergo reactions that generate oligomeric complexes with reduced solubility,
thereby promoting phase separation.'” Macroscopically, the interactions of multivalent macromolecules are characterized
by pronounced LLPS, while microscopically, they manifest as the formation of tiny droplets in the cytoplasm. The
inherent properties of multivalent molecules highlight the significant role that phase separation plays in cellular
activities.'® The differences arising from the structural characteristics of molecules, as well as intracellular environmental
factors, assume importance in the application of LLPS in biomedicine. Key intracellular environmental factors include
the concentration of solutions and macromolecules, ambient temperature, the type and concentration of salts and other
solutes, pH levels, and cell volume, independent of the influence of other macromolecules. LLPS is concentration-
dependent, typically occurring when a substance reaches its saturation threshold. For instance, in nucleolar synthesis,
assembly does not take place below the threshold concentration of fibrillin-1; however, once this threshold is exceeded,
higher concentrations result in the formation of larger nucleoli. The process of LLPS can be controlled and influenced by
regulating the concentration of macromolecules involved in phase separation.'®!'? Banani et al' proposed a multilayer
model for simulating cellular structures, where scaffold molecules are essential for droplet formation, while client
molecules are non-essential components that only associate with the framework under specific conditions.”® A key
feature of the multilayer model is the ability of scaffold molecules to bind to one another through multivalent
interactions, thereby facilitating the LLPS process.'® These scaffold molecules preferentially interact with each other
rather than with client molecules, thereby maximizing intermolecular forces among themselves and leading to the

formation of more stable structures.>’
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Although various types of membrane-free structures in cells differ, they share common features, such as the specific
localization of concentrated components and their fluid-like nature, which can be explained by the LLPS mechanism.
Experimental studies have shown that, despite their dynamic properties, these droplets can maintain their overall size and
shape for a certain period while also exchanging substances with their surrounding environments.'®?" (Figure 1).

Formation of Intracellular Membrane-Free Structures
Membrane organelles function as closed reaction compartments, allowing for the enrichment of the same substances at
designated locations and ensuring that reactions proceed correctly in both spatial and temporal contexts.'*> The mechanisms
of LLPS offer advantages such as compartmentalization, selective partitioning, and the concentration of various substances,
which are essential for regulating the precise and effective execution of biological reactions within the nucleus.** The process
of compartmentalization creates a closed environment for reactions, minimizing unwanted molecular interactions while
increasing the concentration of functional proteins, thereby enhancing reaction efficiency. During transcription within the
nucleus, components such as Polymerase II, transcription factors, and elongation factors utilize a phase separation mechanism
to form droplets. This organization not only facilitates the correct progression of the transcription process but also effectively
isolates these molecules from other reaction systems, thereby preventing interference from other reactions.”* ¢
Additionally, cellular responses can also be facilitated by the exclusion of negative regulators. For instance, T-cell receptor
(TCR) transduction in T-cells occurs through interconnected modules. The LAT complex can activate multiple downstream
modules, leading to calcium mobilization, mitogen-activated protein kinase (MAPK) activation, and actin polymerization.?’
Upon TCR activation, LAT becomes phosphorylated, and this enhances the responsiveness of downstream factors.
Multivalent assembly with partner molecules and condensation into micron- or submicron-sized clusters at the plasma
membrane occur through LLPS.?® These LAT cluster aggregates exclude repressors through phase separation, thereby creating
an environment that perpetuates the phosphorylation state, promoting the prolongation of the TCR activation process.?’
(Figure 2). However, abnormalities such as changes in composition and agglutination in the absence of membrane structures

can contribute to disease development. These dysfunctional mechanisms result in the loss of normal function including
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Figure | Polyvalent proteins and RNAs engage in polyvalent interactions either among themselves or with identical molecules, leading to the formation of oligomeric
complexes. These interactions reduce the solubility of these species in the cytoplasm, thereby facilitating LLPS. In addition to the multivalency of the substances involved in
the reaction, the distinct physical and chemical properties of different substances can also drive spontaneous liquid separation, resulting in the formation of multiphasic
droplets, or membrane-less organelles, within the cell—commonly referred to as biomolecular aggregates. The LLPS process is characterized by a dynamic reassembly
mechanism, whereby specific molecules (the blue ellipses in the figure) within the cell become concentrated at designated sites while others (the yellow and purple polygons
in the figure) are selectively excluded. This figure is drawn by Figfraw(www.figdraw.com).
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Figure 2 LAT in the TCR pathway enhances signal transduction by sequestering inhibitory factors through a LLPS mechanism. Upon antigen activation, the T-cell
receptor (TCR) promotes the phosphorylation of LAT protein, mediated by its interaction with Grb2 and SOS proteins. This activation triggers the Ras signaling
pathway and recruits PLC-yl, ultimately enhancing cytokine production and calcium release from T-cell stores. Inhibition of LAT phosphorylation by the phosphatase
CD45 results in the suppression of downstream signaling events. To ensure effective signal propagation, LAT forms clusters via the LLPS mechanism with its
cooperative proteins, selectively enriching ZAP-70 while excluding a portion of CD45, effectively isolating the inhibitors of the reaction. Consequently, this creates
a microenvironment that preserves a sustained phosphorylation state, promoting prolonged signaling and the release of calcium (Ca2") ions following TCR activation.
This figure is drawn by Figfraw(www.figdraw.com).

disrupting protein localization, signal transduction, and gene expression, which leads to the development of various

diseases.>*3!

Studies on LLPS in Sepsis
The Role of LLPS in Inflammatory Response

Sepsis is usually caused by activation of the innate immune system, in which Toll-like receptors (TLRs) play an important role.
In particular, TLR4 on the cell membrane recognizes the presence of lipopolysaccharide (LPS) and triggers an inflammatory
response. Dimerization of TLR4 activates the NF-kB signaling pathway, which increases the transcription of pro-
inflammatory cytokines, leading to inflammation and tissue damage, especially in the context of lung injury.**>*

Recent studies have shown that expression of the fusion suppressor Sufu is significantly reduced during the early
stages of lipopolysaccharide (LPS)-induced acute inflammation in mouse lung and peritoneal macrophages. Sufu
deficiency, exacerbates LPS- and cecum ligation puncture (CLP)-induced lung injury and increases mortality in mice.
In addition, Sufu deficiency amplified LPS-induced expression of pro-inflammatory genes in macrophages. Sufu
deficiency further enhanced TLR4 signaling as evidenced by increased phosphorylation of downstream kinases (IKKo/
B, Jnk, and Erk), which augmented the inflammatory response and TLR-induced NF-kB signaling in macrophages.
Tumor necrosis factor receptor-associated factor 6 (TRAF6) has an important role in the physiological and pathological

. 34
processes of sepsis.
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In the context of inflammation triggered by lipopolysaccharide (LPS), TRAF6 experiences phase separation. Studies
have demonstrated that Sufu protein directly impedes the formation of TRAF6 phase-separated droplets. This inhibition
occurs by blocking the oligomerization and self-ubiquitination of TRAF6, consequently curtailing the signaling activity
mediated by TRAF6 during the inflammatory response. In a model of infectious shock, TRAF6 depletion attenuated the
exacerbation of the inflammatory phenotype in myeloid-specific Sufu-deficient mice.>® (Figure 3)

Excessive inflammatory response and cytokine storm during sepsis have been recognized as key factors contributing
to high mortality. In patients with sepsis, the antigen-presenting capacity of macrophages is significantly reduced and
macrophages are categorized into two main phenotypes: classically activated (M1) and selectively activated (M2). It has
been shown that under different regulation by pro- and anti-inflammatory stimuli, changes in the phase separation of
macrophage lipid membranes reach a critical point, prompting macrophages to enter two different activation states, M1
or M2, respectively. IFN-y, LPS, and Kdo 2-Lipid A (KLA) were able to increase the critical temperature of the
macrophage plasma membrane phase separation, activating macrophages and causing them to shift to the M1 phenotype.
In contrast, IL-4 was able to decrease this critical temperature, prompting macrophages to shift to the M2 type.*® The
imbalance between M1 and M2 polarization has a significant impact on the inflammatory response, especially the
increase in uncontrolled M1-type macrophages, which may trigger severe inflammatory diseases such as gastroenteritis,
pyelonephritis, neonatal meningitis, and sepsis.>’ Previous studies have found that cytotoxic necrosis factor 1 (CNF1) -
a key toxin secreted by urinary tract pathogenic Escherichia coli (UPEC) - induces urinary tract inflammation and
reduces the phagocytosis of UPEC by macrophages. Macrophages can phagocytose UPEC and eliminate neutrophils, but
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Figure 3 Sufu plays an important regulatory role in Toll-like receptor (TLR)-mediated inflammatory responses. It inhibits the process of TRAF6 oligomerization and self-
ubiquitination by directly interacting with TNF receptor-associated factor 6 (TRAF6). In LPS-induced inflammation, phase separation of TRAF6 is a key link in the activation
of its ubiquitination and NF-kB signaling pathway, and Sufu effectively prevented the formation of phase-separated droplets of TRAF6, which inhibited the activation of the
LPS-induced NF-kB signaling pathway. This figure is drawn by Figfraw(www.figdraw.com).
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their excess leads to increased inflammation and tissue damage.*®>° UPEC’s a-hemolysin induces macrophage accumu-
lation and exacerbates renal injury. CNF1 promotes M1-type macrophage polarization in the early phase of acute urinary
tract infection (UTI) by modulating the NF-kB and JAK1/2-STAT1 signaling pathways in the kidney. In addition, CNF1
not only activated the NF-kB and JAK-STAT1 signaling pathways, but also directly interacted with JAK1 and JAK?2 via
liquid-liquid phase separation (LLPS) to form protein complexes, which further promoted M1-type macrophage
polarization and triggered renal inflammatory responses in the early stage of acute UTL*

Studies suggest that liquid-liquid phase separation may also be involved in the regulation of inflammatory vesicle
assembly. NLRP6 inflammatory vesicles are implicated in a variety of host defense mechanisms by inhibiting TLR-
induced MAPK and classical NF-kB signaling to suppress proinflammatory cytokine and chemokine production during
bacterial infections. Activation of NLRP6 results in an increased susceptibility to a number of both Gram-positive (Listeria
monocytogenes) and negative (Escherichia coli and Salmonella typhimurium) bacterial pathogens with increased
susceptibility.*'** It was experimentally found to undergo liquid-liquid phase separation upon interaction with dsRNA and
to promote its integration of multiple signaling stimuli in response to gut microbiota stimulation, participating in antimicrobial
defense in mice.*

The biomolecular agglomerates produced by phase separation enhance the survival and adaptability of bacteria, enabling
them to survive in the face of stresses such as antibiotic treatment, starvation, oxidative stress, heat shock or phage infection.
These structures are found not only in E. coli, but also in other Gram-negative bacteria, which are capable of accumulating key
proteins such as HslU (a component of the HsIVU protease), Kbl (an enzyme that degrades threonine in the serine biosynthesis
pathway), and AcnB (a cis-aconuclease involved in central metabolism). These structures sequester proteins critical to cellular

function, shutting down related processes and forcing the cell into a state of dormancy,****

and in addition, due to the physical
properties of biomolecular condensates, they are able to respond to external pressures and stimuli, a strategy that viruses may
utilize to evade the host’s innate immune response. For example, viruses can be induced to form STING phase separators by
LLPS. In DNA virus-infected cells, excess 2'3'-cGAMP prompts STING to form biomolecular condensates, and STING

biocondensates limit the activities of STING and TBK 1, preventing excessive activation of innate immunity.*®

The Role of LLPS in Metabolic Regulation

Prolonged sepsis may lead to suppression of immune system function, triggering massive immune cell dysfunction. RCD
(regulated cell death) in addition to functioning as a built-in effector of physiological programs of development or tissue
renewal, on the other hand, in response to a variety of noxious factor stimuli other forms such as necrotizing necrosis,
pyroptosis, autophagy, and iron necrosis occur.*” Regulated by multiple interrelated signaling pathways and molecular
mechanisms, when adaptive processes in response to stress fail, either intracellularly or exogenous perturbations in the
extracellular microenvironment can trigger RCD.*® Apoptosis is a key component in maintaining the homeostasis of the
immune system, and its rapid clearance of apoptotic cells is essential for building immune tolerance and preventing
inflammatory responses.*’ It is mainly disrupted by cysteine-dependent aspartate-specific proteases (caspases),
a ribonucleoprotein (RNP) granule type that is stress granules (SGs), which are dynamic and reversible cytoplasmic
assemblies formed in response to stress in eukaryotic cells, and it has been found that the formation of SGs is triggered
by G3BP1 acting as a molecular switch to respond to the increase in intracellular free G3BP1 is a tunable switch that
triggers phase separation to assemble stress granules). Cytoplasmic SGs segregate caspase-3 and caspase-7, inhibit
caspase activity, and ultimately prevent apoptosis by removing harmful substances through autophagy. Therefore,
regulating the formation of SGs may help to improve the process of cysteine-mediated apoptosis.’®>! Autophagy, as
a stress defense mechanism, is crucial for defense against harmful substances such as bacteria.”® The heat shock protein
HSPAS plays a key role in the autophagic degradation of proteins, and it contains intrinsically disordered regions (IDRs)
that promote liquid-liquid phase separation, concentrating RHOB and BECNI1 into the liquid-phase droplets formed by
HSPAS to form the HSPA8-RHOB-BECNI1 complex, which induces autophagy to remove intracellular bacteria.>
Various types of regulated cell death have also been reported in sepsis-induced organ dysfunction, and in sepsis, in
addition to apoptosis and autophagy, the types of cell death include pyroptosis,” the latter of which usually requires
bacterial or viral stimulation of inflammatory responses and activation through pathways such as NF-«B.
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The Role of LLPS in Tissue and Organ Dysfunction

The cyclic GMP-AMP synthase (cGAS) of cytoplasmic DNA has been found to be essential for recognizing the immune response
to pathogen infection.> ¢cGAS contains two key structural domains: a C-terminal nucleotidyl transferase (NTase) structural
domain and an N-terminal structural domain. These structural domains enable cGAS to bind to double-stranded DNA (dsDNA)
through multivalent interactions, inducing phase separation (LLPS) and the formation of membrane-free cellular compartments.
High concentrations of cGAS-DNA complexes increase the activity of cGAS, leading to increased synthesis of cGAMP, a key
signaling molecule involved in activating the immune response.”® cGAMP binds to the ER-localized connexin interferon gene
stimulator (STING), which causes a conformational change in STING, and promotes the production of type I IFN.

Acute lung injury (ALI) and acute kidney injury (AKI) are common complications during sepsis. NLRP3 is an
important mediator of immune response initiation and inflammatory vesicle formation, and once activated by a dangerous
stimulus, NLRP3 inflammatory vesicles promote the maturation and secretion of pro-inflammatory cytokines (eg,
Caspasel, IL-1p, and IL-18) and initiate cellular cell death. In sepsis, inflammasome-induced cellular pyroptosis disrupts
the cell membrane and leads to the release of multiple inflammatory factors.”” NLRP3 inflammasome activation was
found to be significantly correlated with sepsis-induced acute kidney injury, with the cGAS- STING axis being affected
by cytoplasmic mtp and the cGAS- STING axis being affected by cytoplasmic mtp. STING axis was triggered by
cytoplasmic mtDNA to promote acute kidney injury through activation of NLRP3 inflammasome, whereas reduction of
cytoplasmic mtDNA accumulation or inhibition of the cGAS-STING axis may be a potential therapeutic target for the
treatment of sepsis-induced progressive kidney injury.>® Similarly, cGAS or STING defects may prevent LPS-induced
ALI by inhibiting inflammation, oxidative stress, and cellular injury.>® (Figure 4).
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Figure 4 Innate immunity and inflammation are thought to be key factors in sepsis-induced acute lung injury (ALl), acute kidney injury (AKI). cGAS binds to dsDNA, induces phase
separation (LLPS), promotes cGAMP synthesis, and induces inflalmmatory insults and type | interferon production via STING phosphorylation. LPS stimulation leads to ROS and ASC
induction in lung and kidney tissues. cGAS-STING axis is triggered by cytoplasmic mtDNA and activates NLRP3 inflammatory vesicles. This figure is drawn by Figfraw(www.figdraw.com).
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Challenges and Prospects for LLPS in Sepsis

Potential therapeutic strategies and future research directions of liquid-liquid phase separation in sepsis.

Potential Therapeutic Strategies

In the absence of targeted therapies to modulate the host immune response, traditional sepsis treatment involves the
timely implementation of supportive therapies such as fluid resuscitation, vasopressors, oxygen, mechanical ventilation,
prompt source control of infection, and antibiotics.*® Research into the phase separation process is beneficial for
developing more effective targeted treatments for sepsis, thereby reducing the release of inflammatory factors and
organ damage and dysfunction.®® Drugs selectively partition into condensates, which can occur through their physical
and chemical properties independent of their molecular targets. Targeting biomolecular condensates has the potential to
enable the development of novel and diverse therapeutic approaches.®'

Current intracellularly regulated phase separation processes that occur using the principle of multivalent molecular
interactions in phase separation processes, such as optogenetic techniques and chemical tools artificially modulate the onset
or cessation of phase separation processes within the cell.® Through the use of near-infrared nanoparticles, infrared light with
deep tissue penetration and low phototoxicity can be converted into visible light compatible with current optogenetic tools.
This reduces the side effects on cells of applying less transmissive and phototoxic visible light in experiments.®* In terms of
chemical tools, for example, a newly constructed YK peptide can bind ATP in mammalian cells to form reversible amyloid-
like fibers in biomolecular condensates. YK peptide has homotypic assembly properties, has the ability to bind multiple
substances to build complex biomolecular condensates, and can be altered by changing the length of the YK peptide to
regulate the mobility of the product, thus realizing the precise regulation, providing a potential therapeutic target for regulating
the phase separation process in the cellular response to sepsis. The YK peptide provides a potential therapeutic target for
regulating the phase separation process in the immune process of cellular response to sepsis.** In addition to affecting phase
separation by participating in multivalent interactions in the molecule, the most direct way in which small molecules can have
an impact on biomolecular condensates is by targeting and promoting the degradation of proteins that serve as scaffolds in the
condensate, eg, protease-targeted chimeric (PROTAC) technology directly reduces the concentration of key proteins in the
formation of the condensate by linking proteins to E3 ligases and affects biomolecular condensate formation, thereby
inhibiting the development of associated diseases. This inhibits the development of the associated disease.®*®> Targeting
key proteins in the phase-separated processes of the inflammatory response and immunoregulatory pathways associated with
sepsis by similar technologies, thereby reducing the adverse effects caused by sepsis complications, is also a potential
therapeutic direction. Since biomolecular condensates in the nucleus usually function in concert with chromosomes, phase
separation processes in the nucleus may have implications for chromosome assembly and gene expression processes.®® For
example, the Casdrop system can guide RNA to undergo phase separation at specific locations in the genome, thus allowing
the phase separation regulatory process to proceed in a highly ordered manner,®’ and this type of technology provides a new
way of thinking about regulating the immune response to sepsis at the genetic level, among other things. Cells can develop
resistance to drugs through mechanisms that alter the condensates. These findings also impact the development of effective
disease therapies in the future; the involvement of effective targets will depend on measurable factors, such as drug distribution
within the condensates.®®

Technical Challenges

A challenging area of research in the field of phase separation is the determination of the internal organization and
structure of condensate components at atomic resolution. The intracellular structures of prokaryotes, such as bacteria, and
eukaryotes are themselves small, the biomolecular condensates formed within them are even smaller, and the presence of
biological membranes complicates the process of observation.®’

The use of neighbouring molecular labelling techniques in combination with higher resolution microscopy or electron
microscopy allows for the visualisation of finer structures than conventional methods. In-situ cryo-electron chromatography
allows the visualisation of proteomics without the need for labelling to detect the structure of the biomolecule.*>”® Although
electron microscopy and crystallography have been used in other contexts to answer such structural questions, their
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application to liquid objects remains limited. In addition to the difficulty of static observation of the internal organization and
structure of biomolecular condensates, many biomolecular condensates are dynamic structures that can rapidly compose and
dissolve, a dynamic process that is difficult to accurately observe using existing techniques for the study of macromolecular
substances, and thus the processes by which such condensates form and function are not well studied.*>”' Microfluidic system
is a particularly attractive tools for the analysis of supramolecular structures of biomolecules, which one of the benefits is
superior control of the reactive environment on the micron scale. The technology has a great prospects for application to the
chemical as well as kinetic properties of biomolecular condensates in phase separation processes.”” At present, although the
computer-constructed all-atom model has made great progress and can display accurate images of protein structure, dynamics
and interactions at Egmont resolution,” it is still not possible to accurately construct the specific aggregation process of
molecules in phase separation, and multidisciplinary related collaborations and new development of technologies are still
needed to solve the problems in this area. Understanding the internal components of biomolecular aggregates in the cell will
facilitate the regulation of the expression of the relevant molecules and the design of antagonists and agonists specific for the
phase separation process, thus regulating the phase separation process.”

Prospects and Future Research Directions

Since its first discovery, the phenomenon of liquid-liquid phase separation has been widely recognized and valued by
researchers. Currently, the role of phase separation in the activation of immune signaling pathways, such as TCR, BCR,
¢GAS, RIG-I, and NF-kB, has been confirmed.”' However, there is less direct evidence regarding the process of infection
by pathogens such as bacteria and the complications of organ damage caused by sepsis. Further research is still needed to
fully explain the role of phase separation in the process of sepsis.

The fundamental role of LLPS in membrane-free compartmentalization has attracted intense interest, and new questions
and hypotheses about the molecular mechanisms and biological processes associated with these microbial condensates have
been raised. The discovery of additional phase separation systems and the dissection of their functions through new tools and
methods are essential to advance the general understanding of how these membrane-free compartments help build biochem-
ical structures.”*"> Future research should firstly focus on in-depth studies of the role and modes of regulation of the liquid-
liquid phase separation process and the resulting biomolecular condensates in the pathogenesis of sepsis, which is crucial for
a comprehensive understanding of sepsis pathogenesis and for the development of targeted interventions. The next step is to
develop more effective and targeted therapeutic measures by combining the characteristics of the liquid-liquid phase
separation process and the biomolecular condensates, so as to reduce the inflammatory response and organ damage caused
by sepsis. The field of targeting phase separation processes and biomolecular condensates in the activation of immune
responses and organ damage due to sepsis is in its infancy and still requires technological development and physiological
exploration, but it has already demonstrated good prospects and great potential for advances through multidisciplinary
collaborations and other means, and has the promise of becoming a new therapeutic target for the treatment of sepsis.

Conclusion and Prospects

Sepsis is a systemic inflammatory response syndrome caused by infection and characterized by dysregulated immune
responses and multi-organ failure. Biomolecular condensates play key roles in specific biological processes within the
cell, and the role of LLPS in sepsis may influence the production and release of inflammatory factors, the activation and
migration of immune cells, and affect cell death and organ dysfunction in a number of ways. Liquid-liquid phase
separation opens a new field of research on sepsis, and LLPS not only plays a key role in the pathophysiological process
of sepsis, but also may become a new target for the treatment of sepsis in the future. The traditional treatment of sepsis is
supportive therapy, and some targeting of key proteins involved in the phase separation process in the relevant
inflammatory response and signaling pathways in sepsis is also a potential therapeutic approach through the study of
phase separation. The role of LLPS in signaling pathways has been widely recognized, and future research needs to focus
on deepening the understanding of the complex mechanism of the role of LLPS in the infectious process of bacterial or
other pathogens and the Future research needs to focus on deepening the understanding of the complex mechanism of
action of LFP in the process of infection by bacteria or other pathogens and in sepsis, which is important for the
development of new therapeutic approaches and the improvement of sepsis outcomes.
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