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Abstract

Sepsis poses a critical threat to global health, mainly due to the disruption of immune homeostasis, which critically influences both early death
and long-term adverse outcomes. Current evidence shows that regulatory T (Treg) cells—key mediators of adaptive immunity—play an essential
role in maintaining immunological balance during sepsis progression. During the initial hyperinflammatory phase, Treg cells actively suppress
excessive inflammation, reducing tissue damage. Paradoxically, in the subsequent immunosuppressive phase, expanded Treg populations may
exacerbate immunosuppression by inhibiting effector cell function, ultimately leading to poorer clinical outcomes. Recent research has identified
novel Treg-specific biomarkers in sepsis and explained how the septic environment affects Treg cell numbers and function through various
signaling pathways. This review combines current understanding of the phenotypic features and roles of Treg cells in sepsis, examines the
regulatory mechanisms controlling Treg dynamics within the inflammatory setting, and explores therapeutic strategies targeting Treg cells across

different immune phases, emphasizing both existing challenges and future directions.

Keywords: Sepsis; regulatory T cell; Checkpoint; Immunotherapy

Highlights

* Treg cells exert dual-phase immunomodulatory functions in sepsis pathogenesis, critically suppressing excessive inflammation during the initial hyperin-
flammatory phase yet potentiating immunosuppression in the subsequent immunosuppressive phase.

¢ The mechanisms in which the septic inflammatory environment modulates the number and functions of Treg cells are elucidated.

* A summary of previous studies on the changes in Treg cells in sepsis and their relationship with patient prognosis through indicative markers is provided.

* Adopting differentiated targeted Treg intervention strategies based on the immune status of sepsis has potential clinical prospects, and recentadvancements

are briefly introduced.

» Despite promising preclinical advances in Treg biology, translating these findings into effective therapeutic approaches remains hindered by persistent

challenges.

Background

Sepsis represents a critical syndrome of life-threatening organ
dysfunction triggered by a dysregulated host reaction to severe
infection. This condition exhibits marked pathophysiological
complexity and clinical heterogeneity [1]. It contributes sub-
stantially to critical care morbidity and mortality, particularly
within intensive care units (ICUs) [2]. Current evidence indi-
cates that sepsis manifests as a complex and heterogeneous
condition characterized by both pro-inflammatory and anti-
inflammatory responses. Once sepsis occurs, the immune
system is typically over-activated. Host pattern recognition
receptors (PRRs) detect pathogen-associated molecular pat-
terns (PAMPs) from invading microorganisms and damage-
associated molecular patterns (DAMPs) released from injured
tissues, leading to the release of a large number of inflamma-
tory cytokines. These cytokines induce widespread endothelial
damage, coagulation cascade activation, and microvascular
thrombosis, ultimately leading to multiorgan dysfunction [3].
Successful pathogen clearance during the early phase enables

rapid immune homeostasis restoration. Conversely, persistent
pathogen exposure drives immune network decompensation,
shifting the system toward dominant immunosuppression [4].
The disordered immune system expresses a state of sup-
pression, characterized by increased immune tolerance and
an increased number and enhanced function of immunosup-
pressive cells [4, 5]. Epidemiological analyses indicate that
60%-70% of sepsis-related mortality occurs during the late
phase, with ICU-acquired secondary infections constituting
the predominant cause of death [6, 7]. Persistent immune
suppression remains a critical determinant of poor long-term
outcomes in sepsis survivors [8].

Treg cells are a specialized CD4% T-lymphocyte subset
essential for immune homeostasis by suppressing excessive
immune responses, maintaining immune tolerance, and
preventing autoimmune reactions [9]. During sepsis, these
cells exhibit phase-dependent immunomodulatory functions:
exerting protective effects in the initial hyperinflammatory
phase while driving detrimental immunosuppression in
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the late phase. [6] The activation of Treg cells helps
suppress excessive inflammatory responses, promote bacterial
clearance, and reduce tissue damage [10]. At the same
time, over-suppression by Treg cells may lead to increased
immune tolerance, thereby inhibiting the function of effector
T cells, weakening the body’s ability to clear pathogens,
and increasing the risk of secondary infections. Moreover,
previous studies have shown that sepsis-induced pathological
expansion and functional augmentation of Treg cells establish
a permissive microenvironment for tumor immune evasion
[11]. This phenomenon underscores the long-term health
consequences of sepsis-mediated Treg dysregulation, which
extends beyond acute infection management. Alterations
in Treg frequency, distribution, and function during sep-
sis progression are driven by dysregulated inflammatory
mediators, immunosuppressive metabolites, and interactions
with other immune cells within distinct inflammatory
niches. These factors modulate Treg dynamics through
multiple interconnected mechanisms. Despite advances in
characterizing Treg roles in sepsis, critical knowledge gaps
persist regarding stage-specific regulatory mechanisms and
intercellular interactions. Understanding the dynamics of
Treg cells at different stages of the disease and how they
interact with other immune cells is crucial for developing new
therapeutic approaches.

This review delineates the immunopathological dynamics of
Treg cells in sepsis and septic shock, with particular emphasis
on their stage-specific functional plasticity. Concurrently, we
discuss the interaction between Treg cells and other immune
cell subsets. Critically, phase-targeted therapeutic interven-
tions modulating Treg activity hold significant potential to
rectify sepsis-induced immune imbalances. Optimizing sepsis
treatment through precision modulation of Treg frequency
and function represents a potential research frontier.

Review

Brief overview of Treg cells and its behavior in
sepsis

As early as the 1970s, scientists first proposed the regula-
tory role of CD4™ T cells in immune responses, suggesting
that these cells can control pro-inflammatory reactions and
maintain immune homeostasis [12]. This group of cells, which
exerts immune regulatory functions, was initially implicated
in mediating self-tolerance, garnering significant interest from
researchers. However, the absence of definitive molecular
markers and functional characterization fueled substantial
controversy throughout the late 1990s [13]. A critical break-
through occurred in 1995 when Japanese immunologist Shi-
mon Sakaguchi identified CD25 (IL-2 receptor a-chain) as
a surface marker defining thymus-derived immunosuppres-
sive cells. Sakaguchi’s experiments demonstrated that T-cell
suspensions lacking CD25* cells could induce autoimmune
diseases in mice. However, when these mice were subsequently
treated with a suspension rich in CD25" cells shortly after
the initial infusion, the newly infused CD25™" cells effectively
prevented the progression of early autoimmune pathology
[14]. The study results also indicate that this population of
CD41TCD25" T cells with unique functions and phenotypes
is primarily generated in the thymus [15]. The discovery of
CD2S as a key marker, expressed in both humans and rodents,
finally enabled researchers to isolate and study regulatory T
cells [16, 17]. However, due to the upregulation of CD25 in
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all activated T cells, its utility in isolating regulatory T cells
for subsequent studies is limited. Parts of researchers at that
time also suspected that this population of CD25-expressing
Treg cells is merely an activated state of conventional CD4+
T cells, which may downregulate immune responses by com-
peting with effector T cells for IL-2 [18]. More accurate
identification and differentiation of Treg cells and subsequent
studies on their function and mechanisms have been largely
facilitated by research on the X-chromosome-encoded tran-
scription factor Foxp3. Loss-of-function mutations in this
gene have been identified in mice and human patients with
IPEX (immune dysregulation, polyendocrinopathy, enteropa-
thy, X-linked) syndrome [19, 20]. Foxp3 plays a crucial role
in the immune homeostasis regulation of T cells. Mutations
in Foxp3 can lead to a fatal early-onset T cell-dependent
lymphoproliferative immune dysregulation disease, manifest-
ing as thyroiditis, diabetes, splenomegaly, lymphadenopathy,
hemolytic anemia, exfoliative dermatitis, high IgE syndrome,
and cytokine storm [21]. With further research, three studies
from 2003 collectively established that the transcription factor
Foxp3 uniquely defines Treg cells and is essential for their
differentiation [22-24]. Shohei Hori, in collaboration with
Sakaguchi, along with the laboratories of Alexander Ruden-
sky and Fred Ramsdell, revealed in their research that the
absence of Foxp3 leads to the overactivation of nonregulatory
T cells, resulting in a fatal autoimmune disease. By analyzing
the changes in the CD4+CD257" T cell subsets in mixed bone
marrow chimaeras, thymus, and lymphoid organs following
Foxp3 deficiency and wild-type bone marrow transplanta-
tion, it was found that Foxp3-deficient mice did not develop
lymphoproliferative diseases or immune-mediated tissue dam-
age. Moreover, CD25" Treg cells were generated exclusively
from Foxp3-sufficient precursor cells, not Foxp3-deficient
precursors. These results indicate that Foxp3 is essential for
differentiating Treg cells in the thymus [22]. Inhibiting Foxp3
expression experimentally alters Treg cell function, converting
them into effector cells and triggering immune diseases [25].
Furthermore, the sustained expression of Foxp3 plays a cru-
cial role in the normal suppressive function of mature Treg
cells. Targeted deletion of Foxp3 in mature Treg cells leads
to the loss of Treg suppressive function and characteristic
cell surface markers and the acquisition of immune effector
cell properties [26]. In all, Foxp3 has been widely recognized
in the scientific community as a key factor in regulating the
function of regulatory T cells, with Foxp3 driving the produc-
tion of anti-inflammatory factors through the activation of
associated genes. Over five decades of research have cemented
Treg cells—defined by nuclear Foxp3 expression and surface
CD25—as indispensable mediators of immune equilibrium
and pathological dysregulation. Further studies have grad-
ually revealed these cells essential roles and mechanisms in
normal immune function and various disease processes [27].

Although Foxp3 serves as a prominent marker distinguish-
ing Treg cells from other T cell subsets, transient activation
of Foxp3 in nonregulatory T cells under certain conditions
has raised questions about the unique definition of Treg
cells [28]. This ambiguity necessitates complementary surface
markers for precise identification. Researchers have identified
low expression of CD127 in human peripheral blood as a
novel marker for Treg cells [29]. Helios, an Ikaros tran-
scription factor family member, is another crucial marker
for identifying natural Treg cells and maintains the stability
and suppressive function of Treg cells [30]. These markers
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Figure 1. The functions of Tregs in immune homeostasis and immune response in sepsis. Treg cells are essential for maintaining immune balance under
normal conditions by controlling immune responses. In the hyperinflammatory stage of sepsis, they help reduce excessive inflammation by releasing
inhibitory cytokines like 11-10 and TGF-8, thus protecting tissues from damage. However, during immunosuppression, Treg cells become overly active,
worsening immune paralysis and contributing to complications associated with sepsis. PAMP pathogen-associated molecular patterns, DAMP
damage-associated molecular patterns, HLA-DR human leukocyte antigen-DR, TLR Toll-like receptor, APC antigen-presenting cell, MDSC
myeloid-derived suppressive cells, NK natural killer, /L interleukin, TNF tumor necrosis factor, /FN interferon

collectively enable stratified assessment of immune status in
sepsis patients, with clinical implications for predicting the
extent of disease progression and guiding therapeutic strate-
gies. Moreover, Treg cells express both costimulatory and
co-inhibitory molecules, as well as the chemokine receptor,
which regulate their function and heterogeneity. Costimula-
tory molecules enhance Treg-mediated immune regulation,
while immune checkpoints contribute to immune tolerance
and the suppression of autoimmune responses [31]. These
signaling pathways are essential for Treg cell development and
function, particularly in sepsis. In the following sections, we
will describe the specific changes and roles of each Treg cell
subset in sepsis.

The heterogeneity of Treg cells in sepsis

Sepsis involves a biphasic immunopathological response
characterized by simultaneous activation of hyperinflam-
matory and immunosuppressive mechanisms, which may
occur sequentially or concurrently. Although Treg cells
constitute a minor subset of the CD4" T lymphocyte
population (accounting for 5%-10% of the total peripheral
blood CD4* T lymphocyte population), their powerful
immunomodulatory ability highlights their vital role in sepsis
pathophysiology [27, 32]. The study of Treg cells in sepsis
began with research into the immunoparalysis that postsepsis
anti-inflammatory treatments could not alleviate [33]. Due
to the identification of immuno-suppression CD4TCD25+
T cells in human peripheral blood [34], researchers have
become interested in the role and variation of this cell in sepsis
patients. Increasing evidence has demonstrated the dual role of
Treg cells in sepsis. Studying the changes and functions of Treg

cells in sepsis is crucial for understanding the immunological
condition of sepsis. (Figure 1).

Variations of Treg cells during sepsis

Mounting clinical evidence confirms a progressive increase in
the relative proportion of Treg cells during sepsis progression
(Table 1). In patients diagnosed with systemic inflammatory
response syndrome (SIRS) or bacterial infectious sepsis, the
proportion of CD4TCD25%Foxp3* Treg cells in the periph-
eral blood circulation showed a significant increase [35].
Leveraging CD127 as a human Treg marker [29], researchers
examined the proportion of CD4+tCD257CD127~ Treg cells
in the peripheral blood of septic patients 3-7 days after
sepsis onset. Compared to healthy individuals, the proportion
of Treg cells in the peripheral blood of septic patients was
significantly elevated [36]. Additionally, peripheral blood Treg
proportions rise early post-trauma compared to nonseptic
trauma patients [37]. The dissociation between proportional
and absolute Treg counts was later confirmed. Despite the
proportion of Treg cells beginning to show a significant
increase 3 days after the onset of sepsis, septic patients exhibit
significantly reduced Treg absolute counts [38]. More clinical
data proved that the proportion of Treg cells does not parallel
the results of their absolute counts. Compared to healthy con-
trols, the absolute count of Treg cells is significantly decreased
in septic patients, with the lowest absolute count observed in
patients with septic shock. Among septic patients, survivors
have a higher absolute Treg cell count than nonsurvivors [39-
42]. This suggests that Treg cells may play an essential role
in the recovery of septic patients, a notion that has been
validated in the cecal ligation and puncture (CLP) model
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using DEREG mice (DEpletion of REGulatory T cells) [43].
The increase of Treg cells during the immunosuppression
of sepsis is now a widely accepted belief, which is closely
related to septic patients’ survival [4, 44]. This alteration in
the peripheral blood circulation of sepsis patients was first
reported by Monneret et al. in 2003. Their findings indicated
that increased CD4+CD25™" Treg frequency in nonsurvivors
perpetuates severe immunoparalysis, driving adverse clinical
outcomes [45]. This trend is more significant in patients
who died, accompanied by a notable increase in IL-10 levels
[46]. The frequency of circulating Foxp3™ Treg cells among
CD4* T lymphocytes in nonsurvivors is significantly higher
on the seventh day after sepsis compared to the first day [47].
Intriguingly, on the seventh day, survivors exhibited a lower
Treg frequency but paradoxically higher absolute Treg counts
relative to nonsurvivors [48].

Variations of Treg cells have also been identified across dif-
ferent populations. Single-cell immune profiling of paediatric
sepsis shows that the proportion of peripheral blood Treg cells
is increased during both the acute and recovery phases, with
this pattern consistently observed among older individuals’
children [49]. Furthermore, a clinical study demonstrated that
children with neutropenia have a higher percentage of periph-
eral blood Treg cells in the early stages of sepsis compared
to the non-neutropenic children group [50]. In severe burn-
induced sepsis, the activation and maturation of Treg cells are
higher in the early stages after the burn (on Days 1 and 3), as
well as on Days 7, 14, and 21, compared to nonseptic patients.
This shift fully enhances the immunosuppressive activity of
Treg cells, ultimately leading to an immunosuppressive state
in the patients [51].

The causes of Treg cells’ numerical dynamics in sepsis are
diverse. In terms of absolute counts, both lineages of CD4"
T cells (CD25T and CD257) were found to be diminished
immediately after the onset of shock. While Treg cells quickly
returned to levels observed in healthy donors, the number of
CD47CD25~ T lymphocytes remained significantly reduced.
This indicates that the increase in the proportion of Treg cells
following shock is not due to their proliferation but rather to
the decrease in the number of CD4*CD25~ T lymphocytes
[52]. T cell apoptosis is an essential cause of immunosup-
pression in sepsis. The increased proportion of Treg cells in
sepsis may be explained by their resistance to apoptosis, which
is mediated through the preferential overexpression of Bcl-
2 compared to conventional effector T cells’ lymphocytes
[53]. Furthermore, this phenomenon is closely linked to the
activation of the transcriptional regulatory network, as the
mRNA expression levels of Treg-related transcription factors
GATA-3, RORyt, and FOXP3 were increased in patients’
peripheral blood 24 h after sepsis diagnosis [54]. Moreover,
cytokines such as IL-33, IL-10, and TGF-8, as well as abnor-
mal metabolites in the septic microenvironment, promote the
expansion of Treg cells [55-58]. Other immune cells such
as neutrophils and macrophages also promote the expansion
of Treg cells through direct or indirect mechanism means
[59-61]. These contents will be elaborated specifically in the
following sections.

Subgroups of Treg in sepsis

Growing evidence indicates that Treg cells are not a single
cell type but comprise multiple subsets with distinct functions
and surface markers. Based on their differentiation process
and anatomical location, Treg cells are currently classified
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into thymus-derived Tregs (tTregs), peripherally induced Tregs
(pTregs), induced Tregs (iTregs), and Th-like Tregs [56, 62].

The majority of tTregs develop in the thymus, whereas a
smaller proportion of Treg cells originate from conventional
T cells (Tconvs) or pTregs, maturing under specific conditions
[63]. tTregs undergo negative selection in the thymic medulla
and, under specific cytokine stimulation, further differentiate
into CD4+tCD25"Foxp3* tTregs through the recognition
of self-antigen peptides and interaction with dendritic cells.
They help prevent autoimmune disease and maintain immune
tolerance by recognizing and suppressing immune responses
against self-antigens [64]. Functionally, tTregs mainly ensure
self-tolerance and prevent autoimmune diseases. They achieve
this by directly suppressing self-reactive T cells and releasing
immunosuppressive factors like IL-10 and TGF-8 to sustain
immune homeostasis. pTregs are produced in peripheral
lymphoid tissues and originate from CD4"Foxp3~ T cells.
These cells turn into pTregs when they encounter antigens
in the peripheral environment, in the presence of TGF-8 and
the absence of danger signals, through activation of the T
cell receptor (TCR) [64]. They can also be induced in vitro.
pTregs play a crucial role in peripheral immune responses by
helping to control excessive immune reactions and preventing
the onset of allergic and inflammatory diseases. They exhibit
heterogeneity, including subtypes such as T regulatory 1
(Tr1) cells and Th3 cells, which produce distinct cytokines
[65]. iTregs are generated in vitro or induced within the
peripheral environment in vivo. Their formation typically
depends on IL-2 and TGF-B but does not require intensive
TCR stimulation. iTregs show relatively lower stability of
Foxp3 expression, which can make them less stable than
tTregs in certain situations and conditions [66]. Th-like
Tregs, which display features similar to their respective T
helper (Th) cell counterparts, can develop under specific
environmental conditions, especially during infections like
sepsis. They include Th1-like, Th2-like, Th17-like, and
even follicular helper T (Tfh)-like Tregs. These subsets help
regulate the immune response by colocalizing with their
respective Th cell populations and responding to cytokine
signals [67].

During the development of sepsis, tTregs exert their
immunoregulatory function by suppressing the immune
activity of effector T cells (Teff) and facilitating targeted
transport [56]. Tregs can respond to stimuli such as cytokines,
antigen presentation, and other immune signals in sepsis.
iTregs can be induced by appropriate antigenic stimulation
and specific microenvironmental signals. They are widely
used in various pathological models, including sepsis [60].
Moreover, environmental factors can differentiate Tregs into
various Th-like subsets, such as Th1, Th2, Th17, and even
follicular helper T (Tth) cells [67]. During sepsis, Th-like Tregs
regulate the associated immune response by colocalizing with
their corresponding Th cells [68]. In a murine polytrauma
model, researchers found that splenectomy elevated 28-day
survival from 62% to 92% in septic mice with secondary
insult. Additionally, splenectomy effectively suppressed the
release of inflammatory cytokines after CLP modeling and
caused C5a levels to increase. Furthermore, splenectomy post-
trauma elevated Treg frequency, driving immunosuppression
via TGF-B-dependent Foxp3 induction and impairing
antimicrobial immunity [69]. The above evidence suggests
that circulating Tregs (iTregs) rather than splenic-derived
natural Treg cells are critical in improving sepsis prognosis.
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Table 2. Checkpoints of Tregs in sepsis

Checkpoint Ligand Signaling Class Function to Tregs
PD1 PD-L1 Notch pathway Co-inhibitory e Increase Foxp3 expression
receptor ¢ Induce Treg expansion
e Enhance Treg’s immunosuppressive ability.
CTLA-4 CD80/86 Co-inhibitory e Competitively bind to and reduces the expression of
receptor CD80/CD86 costimulatory molecules on APCs, thereby
depriving Tconv cells of the necessary costimulatory
signal.
BTLA HVEM (CD270) Co-inhibitory ¢ Enhance Treg’s suppressive function
receptor
TIM3 Ceacam-1 STAT-3 Co-inhibitory ¢ Regulate the balance between regulatory and effector T
HMGB-1 phosphorylation receptor cells.
IL10, EBI3, GZMB,
PRF1, IL1R«, and
CCR6 expression
TIGIT CD155 Co-inhibitory e Leads to FOXP3 demethylation
CD226 receptor
Nectin-2
0X40 OX40L NF«B, PI3K, ERK, Costimulatory e Maintain Treg’s suppressive ability: suppress effector T
and AKT signaling molecule cell proliferation or IFN-y production.
Nrpl SEMA3A Smad signaling * Support the stability and functional maintenance of Tregs
SEMA4A neuropilin-1- by regulating semaphorin-4a
TGF-g & semaphorin-4a * Reduce apoptosis of Tregs and lower the methylation
TGF-BRI/II/IIT axis levels of Foxp3-TSDR

CD39 and ATP
CD73

e Involve the production of IL-10 and TGF-8 in Treg cells

¢ CD39 mediates the elimination of ATP-associated effects
in Treg cells

e CD73 mediates immune suppression by adenosine
production

Checkpoints of Treg in sepsis

Treg cells co-express costimulatory/coinhibitory molecules
that orchestrate functional diversification and subset hetero-
geneity through downstream signaling. These molecules can
serve as potential targets for distinguishing and identifying
Treg subtypes [6]. Co-stimulatory molecules are vital for
activating and differentiating T cells. These molecules also
support Tregs, helping them effectively modulate immune
responses. In contrast, immune checkpoints, known as co-
inhibitory signaling pathways, such as CTLA-4, programmed
cell death receptor 1 (PD-1), and T-cell immunoglobulin
mucin 3 (TIM-3), induce T cell apoptosis, exhaustion,
and immune tolerance. Immune checkpoint expression on
Tregs governs their development and functional maturation,
critically regulating immunosuppression in sepsis [6, 56]
(Table 2).

Elevated expression of TIM-3,PD-1,and CTLA-4 on CD4*
T lymphocytes exhibits a significant positive correlation with
sepsis severity. Notably, CD4TPD-1" T cells demonstrate the
strongest association and may serve as an independent risk
factor for disease progression [70]. PD-1 coinhibitory signal-
ing through PD-L1 engagement suppresses T cell proliferation
and cytokine secretion [71]. The PD-1/PD-L1 axis drives Treg
cell expansion via Notch signaling potentiation and stabi-
lizes their suppressive phenotype by suppressing asparaginyl
endopeptidase (AEP) activity [72]. In clinical patients with
severe sepsis and septic shock, Treg cells express higher PD-1
levels, which are positively correlated with poorer outcomes

[39, 40]. Splenectomy shields CLP mice from sepsis by reduc-
ing PD-1/PD-L1 and decreasing Tregs [69], while in early-
phase septic animal models, PD-1" Treg cells can alleviate
lung tissue damage caused by acute inflammation [73, 74].

Foxp3TCD4TCD25"Tregs highly and constitutively
express CTLA-4, which can bind to CD80/86 and prevent
CD4" T cells from overactivation, thereby helping Treg
cells maintain immune tolerance [75]. In sepsis-induced
immunosuppression, CTLA-4* Tregs inhibit the function
of effector T cells, thereby suppressing T cell proliferation,
cytokine production, and other immune responses. Addi-
tionally, CTLA-4+ Tregs can form relatively stable immune
synapses with antigen-presenting cells (APCs) and induce
the upregulation of free PD-L1 on APCs, which effectively
prevents naive T cell activation and causes effector T cell
exhaustion and functional inhibition through dual inhibitory
mechanisms [76]. Clinical studies show that increased CTLA-
4% Treg cell proportion is positively associated with sepsis
severity, and elevated levels of CTLA-4" Tregs are regarded
as an independent risk factor for 28-day mortality in sepsis
patients [77].

B and T lymphocyte attenuator (BTLA/CD272) functions
as a coinhibitory receptor that engages herpesvirus entry
mediator (HVEM/CD270). It demonstrates sustained surface
expression on Tregs producing IL-10, thereby suppressing
CD4* T cell effector functions [78]. Experimental evidence
indicates that BTLA mediates CD4" T cell depletion in the
CLP-induced septic mouse model. Elevated BTLA on CD4™
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T cells predicts susceptibility to hospital-acquired infections
[79]. Furthermore, clinical evidence suggests that the increased
expression of BTLA on Tregs enhances their suppressive func-
tion, and an increase in the number of BTLA* Treg cells may
indicate poor prognosis in patients with severe sepsis [48].

TIMS3 plays a crucial role in regulating the immunosuppres-
sive functions of Foxp3™ T cells [80, 81]. The stronger pro-
liferative ability and inhibitory function of Tim-3*Treg cells
are related to the expression and phosphorylation of STAT-3,
as well as the gene expressions of IL-10, EBI3, GZMB, PRF1,
IL-1Re, and CCR6 [82]. During hepatitis C virus infection,
TIM3-related signalling regulates the balance between regula-
tory and effector T cells [83]. During sepsis-associated acute
lung injury (S-ALI), TIM-3" Tregs upregulate the expression
of IL-4 and IL-10 in a STAT-3-dependent manner, thereby
resolving the inflammation [84].

T-cell immunoglobulin and ITIM domain (TIGIT) is
a recently discovered coinhibitory molecule that delivers
inhibitory signals into cells through its ITIM domain in the
cytoplasmic tail. The two main recognized ligands are CD155
and CD226 (mainly expressed on APCs). Additionally, nectin-
2 is a novel ligand for TIGIT [85, 86]. TIGIT+ CD4" Foxp3*
Tregs can suppress Thl and Th17 cells, serving as a key
Treg subtype mediating immunosuppression [87, 88]. Upon
binding to its ligand CD155, TIGIT suppresses TCR signaling
pathways, thereby impairing antigen-induced T cell activation
and promoting the secretion of the immunosuppressive
molecule fibrinogen-like protein 2 (FGL2) [89]. Currently,
reports on the regulation of Treg signals via TIGIT are still
limited. One study suggests that the upregulation of TIGIT in
Treg cells results in FOXP3 demethylation [90]. During sepsis,
the significant expansion of TIGIT+ Treg cells indicates
an increased susceptibility to secondary infections, with the
ST2/IL-33 axis playing a crucial role in this process [91].

0X40 (CD134) is part of the tumor necrosis factor receptor
superfamily (TNFRSF), a class of costimulatory molecules.
It binds to the ligand OX40L (TNFSF4/CD252), supporting
T cell proliferation, survival, and cytokine release through
pathways like NF«B, PI3K, ERK, and AKT signaling [92, 93].
Although OX40 is generally regarded as a molecule that
promotes immune responses, it can also regulate immune
tolerance in specific contexts. OX40 signaling has contrasting
effects on Tregs, with functional outcomes depending on the
inflammatory microenvironment and cytokine surroundings.
Upon blockade of IL-4 and interferon (IFN)-y, OX40 ago-
nism, combined with TGF-8 costimulation, encourages Treg
expansion. Conversely, OX40 stimulation under IL-2 depri-
vation produces Tregs with reduced proliferative capacity
and impaired suppressive function, a phenotype that can be
reversed by exogenous IL-2 supplementation [94, 95]. OX40-
deficient Tregs show impaired immunosuppressive function
[96]. Early expansion of OX40" Tregs in severe sepsis impairs
effector T cell function, correlating with SOFA score progres-
sion and predicting 28-day mortality [97].

Nrpl serves as a marker for tTreg cells, aiding in their
differentiation from other types of Treg cells. It supports the
stability and functional maintenance of Tregs by regulating
semaphorin-4a. Under the influence of lipopolysaccharide
(LPS), Nrp1 activates the Smad signaling pathway, working
in conjunction with TGF-81 to maintain Treg stability
[98, 99]. Elevated Nrp1 expression reduces Treg apoptosis
and decreases methylation levels of Foxp3-TSDR, thereby
promoting their stability. Additionally, research suggests that
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Nrpl expression is strongly linked to IL-10 and TGF-B
production in Tregs during sepsis [100, 101]. Furthermore,
activated latency-associated peptide (LAP)-TGF-B complex
enhances the immunosuppressive function of TGF-8 and
promotes TGF-B-mediated Treg differentiation. At the same
time, the formation of the TGF-BR1-NRP1 complex increases
the bioactivity of TGF-8 through a synergistic signaling boost
mechanism [102, 103].

CD39, or nucleoside triphosphate diphosphohydrolase
1 (NTPDase 1), is an ectoenzyme that converts adenosine
triphosphate (ATP) into adenosine monophosphate (AMP).
When cells are damaged or die, they release ATP, which
promotes inflammation. In contrast, CD39 helps counteract
these effects by exerting anti-inflammatory actions [104].
Borsellino et al. pioneered the discovery of CD39 expres-
sion on immunosuppressive Foxp3* Tregs, where TCR
engagement potentiates its catalytic activity to eliminate
ATP-driven proinflammatory effects, including P2 receptor-
mediated cytotoxicity and dendritic cell maturation [105].
CD73 is an ecto-5'-nucleotidase that converts 5'-AMP into
adenosine, and it is expressed on the surface of Tregs.
CD73-expressing Treg cells mediate immune suppression
by producing adenosine, which inhibits the proliferation
and cytokine production of effector CD4% T cells [106].
In sepsis, CD39" Treg cells are upregulated during the
immunosuppressive phase of the disease. This population
exhibits higher levels of CD39 and PD-1, exerting inhibitory
functions that may serve as a prognostic indicator of poor
outcomes [107]. Moreover, increased adenosine in sepsis can
upregulate the expression of CD39 and CD73 on the surface
of Treg cells [108].

The role of Tregs in sepsis-associated tissue
damage

While initial investigations into Treg biology during sepsis
primarily focused on the peripheral circulation and spleen,
current evidence reveals the diverse roles of Treg cells in sepsis-
associated tissue damage across multiple organs. Especially
during the early phase, the role of Tregs in reducing tissue
damage has been gradually uncovered. Additionally, Tregs are
also involved in organ dysfunction during the later stages of
sepsis. (Figure 2).

Lung

Acute lung injury (ALI) represents acute hypoxemic respi-
ratory failure triggered by noncardiogenic insults including
trauma, sepsis, or toxic inhalation. This condition is defined
by rapid-onset diffuse alveolar damage and dysfunctional
alveolar—capillary barrier integrity, leading to uncontrolled
pulmonary inflammation, protein-rich edema, and impaired
gas exchange [109]. In the clinic, ALI is a common complica-
tion in patients with sepsis. Mounting evidence demonstrates
the importance of CD4TCD25"Foxp3™ Tregs in mitigating
acute inflammation in sepsis and improving outcomes in
ALI/ARDS [61, 73, 110, 111]. In vivo evidence indicates
that HMGB1 blockade or myeloid-specific phosphatase and
tension homology deletion protein (PTEN) deletion attenu-
ates pulmonary tissue injury by enhancing TGF-B secretion
and expanding Tregs within the lung microenvironment. A
recent study has shown the vital protective role of TNFR2
signaling pathway in Treg cell-mediated septic pneumococcal
pneumonia by modulating y8T17 cell responses to IL-17A
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Figure 2. Tregs alleviate multiple organ tissue damage during acute inflammation of sepsis. During the acute inflammatory stage, Tregs help control
excessive inflammation and prevent tissue damage. In the kidneys, IL33R+ and IL2Ra + Tregs prevent AKI and subsequent fibrosis development. In the
lungs, Tregs reduce neutrophil activity, while TNFR2+ Tregs inhibit Th17 cells to ease acute lung injury. In the brain, Tregs enhance SAM by lowering
acute inflammation. In the liver, Tregs decrease hepatic inflammation and limit liver damage. SAM sepsis-associated encephalopathy, AK/ acute kidney
injury, ALl acute lung injury, EVs extracellular vesicles, MSCs mesenchymal stem cells

and encouraging the recruitment of neutrophils within the
lungs. TNFR2T Treg cells suppress y8T17 cell activation in
the lung, thereby preventing excessive neutrophil infiltration
and tissue injury. This immunoregulatory pathway may serve
as an essential mechanism to avoid opportunistic pathogens,
such as pneumococci, from invading lung tissues [112]. This
evidence suggests that Treg cells, which exert protective effects
during tissue damage in sepsis, may exhibit characteristic
subpopulations. Additionally, previous studies have shown
that Treg cells can reduce LPS-induced ALI by significantly
decreasing neutrophil infiltration into the lungs and lowering
lung cell apoptosis [73]. These cells may help reduce acute
inflammation by interacting with other immune cells.

Kidney

Sepsis-associated acute kidney injury (S-AKI) is a common
complication in patients with sepsis. It stems from a combina-
tion of factors, including reduced renal blood flow, heightened
inflammatory responses, and cellular damage, which results
in injury to the renal tubules and other parts of the kidney’s
structure [113]. Clinically, this presents as a sudden decline
in renal function, characterized by decreased urine output
and elevated levels of creatinine and blood urea nitrogen in
the blood. Clinical analysis indicates that the dysregulation
of Th17/Treg is associated with both the onset and severity
of acute kidney injury (AKI) in sepsis patients. Furthermore,
an increasing Th17/Treg ratio could serve as a potential
predictive marker for sepsis-associated AKI [114]. The results
of single-cell sequencing on the transition from AKI to chronic
fibrosis reveal a significant increase in tissue-resident IL-33R™
and IL-2Ra™ Treg cells. This population can shield the kidneys
from damage and fibrosis after injury. Transcriptomic analysis
focusing on Tregs shows varying levels of upregulation in
regeneration and pro-angiogenic pathways while also display-
ing markers of overstimulation and fibrosis in fibrotic tissue
environments [115]. However, it is essential to note that this

change in Treg cells was observed in two acute ischemia-
reperfusion injury (IRI) models. Given the differences in septic
acute kidney injury compared to other types of kidney injuries
[113], further validation is required to establish whether the
subpopulation changes in Tregs contribute to their role after
S-AKI.

Brain

Sepsis-associated encephalopathy (SAE) refers to brain
dysfunction caused by sepsis, characterized by widespread
impairment of cerebral function. This condition can cause
a range of symptoms, including mild delirium and severe
alterations in consciousness [116]. SAE correlates with
persistent neurocognitive sequelae in sepsis survivors, pri-
marily driven by infection-triggered neuroinflammation. This
chronic condition, termed “sepsis brain”, manifests through
sustained microglial activation, oxidative mitochondrial
damage, impaired cerebral glucose metabolism, and blood-
brain barrier disruption, collectively contributing to long-
term psychiatric and cognitive impairments [117, 118].
Recent studies have highlighted the role of infiltrating Tregs
in the pathogenesis of SAE and related mental disorders.
Utilizing a cecal slurry model, Saito et al. demonstrated
that Tregs and Th2 cells infiltration ameliorate SAE and
its neuropsychiatric sequelae through neuroinflammatory
resolution in the chronic phase. [119] Additionally, another
study has shown that exosomes derived from mesenchymal
stem cells (MSCs) mitigate early brain injury in sepsis by
increasing both the percentage and absolute numbers of Tregs,
thereby reducing high levels of inflammation and immune
response [120].

Liver

The liver plays a crucial role in immune regulation during
sepsis by participating in bacterial clearance, producing acute-
phase proteins, and regulating metabolism. However, it is also
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a target organ for sepsis-related injuries, such as ischemic hep-
atitis, bile metabolism disorders, and drug-toxicity-induced
damage. [121] Research indicates that Tregs are involved
in the initial stages of septic liver inflammation and injury.
The arginine deficiency present in sepsis can worsen liver
inflammation by disturbing the Th17/Treg balance [122].
Additionally, VISTAT Treg cells have been found to reduce
levels of liver enzymes alamine aminotransferase (ALT), aspar-
tate aminotransferase (AST) and pro-inflammatory factors
in mice after sepsis, thereby reducing sepsis-associated liver
injury [123]. The PANX1-IL-33 axis in hepatocytes modulates
IL-33 secretion via the ATP-P2X7 pathway, thereby activating
ST2*+ Treg cells, mitigating endotoxemia-induced cytokine
storm and hepatic injury [124].

Emerging evidence highlights the dual role of Tregs in septic
pathophysiology. While current research primarily focuses
on the protective functions of Treg expansion during the
hyperinflammatory phase of sepsis, recent studies highlight
their crucial role in late-phase organ dysfunction. [3, 4] Apply-
ing anti-CD25 to suppress Treg cell increase after sepsis
demonstrated a beneficial effect in reducing multiple organ
injury and preventing secondary chronic infection in mice
during the immunosuppressive phase following CLP modeling
[60, 125]. The mechanism by which Tregs directly mediate
organ-specific damage during sepsis-induced immunoparaly-
sis remains uncharacterized, constituting a critical barrier to
targeted therapeutic development.

Tregs display tissue-specific adaptability to locally main-
tain immune homeostasis, as evidenced by recent research
[126]. Emerging evidence suggests that tissue-resident Tregs
drive sepsis-induced multi-organ dysfunction through organ-
specific mechanisms in the lung, liver, kidney, muscle, brain,
and myocardium [6]. A study shows that following CLP,
changes in tissue-infiltrating and splenic-derived Treg cells
do not follow the same pattern during acute Pseudomonas
aeruginosa challenge in septic mice. In lung tissues, the count
of Foxp3™ Treg cells nearly doubled by Day 3, then gradually
decreased after that to Day 7 and returned to baseline levels.
Conversely, Foxp3™ Treg cells in the spleen increased by 1.6
times on Day 3 and continued to rise subsequently [127]. This
suggests that local inflammatory conditions during sepsis,
such as hypoxia, DAMPs, and pathogen load, may influence
the diverse phenotypes of Tregs, leading to distinct changes
in tissue-resident Tregs compared to circulating Treg cells.
Although the available evidence suggests that Treg cells con-
tribute to sepsis-associated tissue injury, reports on tissue-
specific Treg cells in sepsis-related tissue damage remain lim-
ited, and the underlying molecular mechanisms need further
investigation.

Novel mechanisms for Treg regulation in sepsis
Regulation and mechanism of abnormal metabolites on
Treg cells in sepsis

Adenosine is an essential naturally occurring metabolite that
influences numerous immune functions by activating its spe-
cific receptors—A1, A2a, A2b, and A3—located on immune
cells [57]. Circulating adenosine levels are elevated during
the acute phase and play a crucial role in the development
of immune suppression in sepsis by activating A2AR [128].
Adenosine or activated adenosine receptor signalling can pro-
mote Foxp3 expression in Treg cells through various mech-
anisms. The activation of JNK/AP-1 signaling mediates the
upregulation of adenosine-induced Foxp3 expression in Treg

Burns & Trauma, 2025, Vol. 13, tkaf047

cells during sepsis [129]. A recent study found that high levels
of adenosine in sepsis can activate the phosphorylation of
element-binding protein (CREB) via the A2a receptor, thereby
upregulating Foxp3 expression in Treg cells [130]. Further-
more, another report has indicated that the phosphorylation
of CREB also plays a role in the A2AR-mediated induction of
PD-L1 expression. Activation of A2AR in vitro can increase
PD-L1 expression in Treg cells, thereby boosting their capacity
to inhibit lymphocyte proliferation [131]. Previous studies
have shown that during sepsis, Treg cells exposed to adenosine
or the adenosine A2A receptor agonist CGS521680 demon-
strate increased expression of surface molecules CD39 and
CD73. This effect occurs through transcriptional regulation
by E2F-1 and CREB, which also leads to increased intracel-
lular adenosine production [108]. These results indicate that
CREB signaling is essential in controlling adenosine-mediated
functional pathways and surface receptor expression in Treg
cells.

Sepsis patients have significantly elevated peripheral blood
lactate levels, and clinical data show that PD-1 expression
in Treg cells of sepsis patients is increased. Moreover, the
percentage of PD-17 Treg cells is positively correlated with
lactate levels in sepsis patients, suggesting that lactate may
induce inhibitory molecule expression in Treg cells [39]. Exist-
ing research indicates that lactate plays a crucial role in
regulating the differentiation and function of Treg cells. In
vitro lactate stimulation induces the differentiation of Naive
CD4* T cells into Treg cells [58]. Additionally, lactate reg-
ulates the expression of surface co-inhibitory molecules on
Treg cells through various mechanisms, thereby modulating
their immunosuppressive function. Lactic acid enters Treg
cells via monocarboxylate transporter 1 (MCT1), promoting
the translocation of NFAT1 into the nucleus and increasing
the expression of PD-1 [132]. Lactate is also confirmed to
increase CTLA-4 expression through a splicing-related mech-
anism [133]. Another study found that lactate modulates
the generation of Treg cells through epigenetic mechanisms.
Lactate-mediated lactylation of Lys72 enhances the interac-
tion between MOESIN and TGF-8 receptor I, thereby pro-
moting downstream SMAD3 signalling and enhancing Treg
cell function [134]. Furthermore, a recent study has revealed
that lactate promotes the transcription of MGAT1 by acti-
vating XBP1s (X-box binding protein one splicing factor)
and interacts with the mitochondrial outer membrane translo-
case TOM70 receptor, ultimately enhancing the OXPHOS
capacity of Treg mitochondria for transport [135]. Current
research on the mechanisms underlying lactic acid—induced
differentiation and enhanced inhibitory function of Treg cells
primarily focuses on cancers [132-134, 136]. However, given
the widespread presence of elevated lactic acid levels in clin-
ical septic patients, and the potential connection between
sustained lactic acid elevation and serious adverse outcomes
related to immune suppression, further research into the spe-
cific mechanisms by which lactic acid influences Treg differen-
tiation and function in sepsis could provide valuable insights.

Regulation and the following mechanism of Treg cells by
other immune cells in sepsis

Neutrophils and neutrophil extracellular traps. The role of
specific subsets of innate immune cells in recruiting Treg cells
and supporting their immunosuppressive function is gradually
being clarified. Researchers have identified a novel pathogenic
neutrophil population with high CD200R expression in sepsis
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models. This subset of neutrophils, which appears early in
sepsis, is marked by elevated levels of Igf1. IGF-1 secreted by
CD200R-high neutrophils stimulates the production of Treg
cells, thereby promoting systemic immunosuppression [137].
Liao et al.’s study explained the role of Siglec-F™ neutrophils
during the immunosuppressive phase, affecting splenic T lym-
phocytes and secondary infections in persistent inflamma-
tion, immunosuppression, and catabolism syndrome (PICS)
mice. In terms of mechanism, the IL-10 secreted by Siglec-
F* neutrophils plays a vital role [59]. However, research into
the relationship between this specific subset of neutrophils
and Treg cells has not yet been conducted. The possible
influence of this neutrophil subset on Treg cell differentiation
and function, as well as the underlying mechanisms, warrants
further investigation in future studies.

In addition to the newly discovered neutrophil subset
capable of inducing Treg cell generation, extracellular traps
released by neutrophils in sepsis also play a significant
role in regulating Treg cells. NETs (neutrophil extracellular
traps) are specialized structures primarily composed of DNA,
forming a net-like framework. Current research reveals
that besides the DNA scaffold from neutrophils, NETs also
contain a range of complex components, including histones,
antimicrobial peptides [such as B-defensins and cathelicidin
(LL-37)], enzymes [such as elastase, neutrophil collagenase
(MMP-9), and neutrophil elastase (NE)], oxidases [such as
reactive oxygen species (ROS) produced by NADPH oxidase],
and other antimicrobial proteins (such as thrombin and
immunoglobulins) [138, 139]. A previous study has revealed
that pathological NETosis in sepsis induces cholesterol-
centric metabolic reprogramming in naive CD4% T cells
via hyperactivated AKT/mTOR/SREBP2 signaling, thereby
driving their differentiation into immunosuppressive Treg
cells with enhanced functional capacity [60]. NET-driven Treg
differentiation from naive CD4™" T cells bridges innate and
adaptive immunity [140]. Further research into the specific
components of NETs that drive Treg cell differentiation may
offer new clinical strategies for precisely targeting NETs
and enhancing the management of sepsis-associated immune
suppression.

Macrophages. The regulation of Treg cells by macrophages
during sepsis is often mediated through TGF-g signaling
released from macrophages. In the early inflammatory
stage of sepsis, HMGB1 released by macrophages activates
PTEN, which inhibits the PI3K/PDK1/Akt pathway and
thereby reduces B-catenin activity. This decrease diminishes
macrophage release of TGF-B, ultimately suppressing Treg
induction [61]. Adipose-derived MSC-derived exosomes
(ADMSC-Exos) promote TGF-8 secretion in macrophages,
which increases Treg proportion in CLP-mice spleen,
effectively reducing sepsis-induced ALI in these mice [141].
Additionally, research indicates that Tim-3"Treg cells can
promote M2 macrophage polarization by intervening in the
expression of p-STAT3 signaling [84].

Dendritic cells. The sepsis process can induce spontaneous
apoptosis of dendritic cells (DCs) [142]. Surviving immature
dendritic cells inhibit their later maturation when stimulated
with LPS by engulfing apoptotic dendritic cells. This process
results in the upregulation of TGF-82 and the secretion of
TGF-B1, thereby facilitating Treg conversion [143].

1"

Novel markers

As researchers delve deeper into Treg characteristics in
sepsis, emerging markers that regulate Treg attributes and
functions in sepsis have been identified. The downstream
mechanisms involve directly influencing the expression of
Foxp3, activating related receptor signaling, and modulating
the inhibitory functional molecules of Treg cells. GPR174
regulates Treg suppressive function, and mice lacking Gpr174
show increased resistance to sepsis-induced inflammatory
shock. Gpr174 deficiency upregulates CTLA-4 and IL-
10 expression in Treg cells and protects mice from lung
injury by promoting M2 macrophage polarization. Gpr174-
deficient Tregs also encourage macrophage polarization to
the M2 phenotype and reduce pro-inflammatory cytokine
secretion in vitro. Furthermore, LysoPS negatively affects
Treg cell accumulation and activity via GPR174. Therefore,
GPR174 antagonism represents a promising strategy for
inflammatory disease modulation [144, 145]. The stability
of Tregs relies on the demethylation of specific CpG-rich
regions within the Foxp3 locus, a process promoted by
ten-eleven translocation (TET) dioxygenases [146, 147].
Wu et al. revealed that iron-regulatory genes are highly
expressed in Treg cells, particularly ferritin heavy chain (FTH),
which is crucial in supporting TET-mediated demethylation
of the FOXP3 locus. By promoting the transcription of
FOXP3, FTH helps maintain Treg cell lineage stability [148].
Recently, researchers discovered that the sepsis-induced
upregulation of p53 promotes the expansion of Treg cells.
Mechanistically, p53 can directly interact with the promoter
regions of DNMT3a and TET2 genes, thereby regulating their
transcriptional levels. This modulation of DNA methylation
and demethylation processes subsequently regulates Foxp3
expression, maintaining Treg functionality [149]. Another
study has found that activating B1-adrenergic receptors
enhances the suppressive function of Treg cells, promoting
the progression of immune suppression in sepsis [150].

Other molecules

Cold-inducible RNA-binding protein (CIRP), released as
a DAMP during sepsis, promotes Treg differentiation by
activating TLR4 and downstream IL-2 signaling. Simulta-
neously, CIRP affects STATS to regulate Treg cell function,
worsening late-stage immune suppression in sepsis [151].
The release of HMGB1 (High Mobility Group Box 1)
initiates inflammation, and its sustained elevation drives
immunosuppression in sepsis [152]. Researchers discovered
that the HMGB1/PTEN/B-catenin signaling pathway in
macrophages controls the induction of Treg cells in an
LPS-induced sepsis model of ALI [61]. However, another
study has shown that during ALI, HMGB1-activated TLR4
signaling may worsen tissue injury in the acute inflammatory
phase by preventing Treg differentiation [153]. Furthermore,
complement C3 depletion in sepsis is associated with the
expansion of Treg cells during abdominal sepsis [154]. The
novel cytokine Metrnl shows a significant link between its
serum levels in patients with clinical sepsis and mortality
rates, with a higher risk of death in those with lower Metrnl
levels. Metrnl may play a role in preventing and treating
sepsis by boosting immune defence through promoting Treg
cell differentiation, thereby increasing survival rates in mouse
models [155] (Figure 3).
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Figure 3. Novel insights into Treg modulation in sepsis. During sepsis, metabolites such as lactic acid and adenosine, along with inflammation-related
factors like CIRP, are produced systemically as a result of inflammatory responses and tissue injury. These elements intricately affect Treg metabolism,
their differentiation process, and the expression of surface inhibitory molecules via various molecular pathways. Furthermore, immune cells present in
the septic environment—particularly neutrophils, macrophages, and DCs—play a role in modulating Treg differentiation and function by releasing
immunoregulatory cytokines such as 11-10 and TGF-8. CIRP cold-inducible RNA-binding protein, /=70 interleukin-10, TGFB transforming growth

factor-beta

Treatment targeting Treg cells in sepsis

Currently, sepsis management remains challenging due to the
lack of effective therapies. Existing clinical strategies primarily
focus on supportive care, including infection control, prompt
administration of antibiotics, resuscitation, and support for
organ function. Recent research has highlighted the poten-
tial of immunotherapy to enhance long-term outcomes for
patients with sepsis. Patient-specific immunotherapies tar-
geting unique immune profiles demonstrate significant clin-
ical efficacy in preclinical and clinical settings [156]. Due
to the distinct roles of Tregs at different stages of sepsis,
immunotherapy targeting Tregs should be considered in light
of the patient’s immune status (Table 3).

Hyperinflammation status

Current evidence indicates that Treg expansion or functional
enhancement during septic hyperinflammation attenuates
excessive immune responses and ameliorates acute tissue
injury. Some potential small-molecule drugs, biological
agents, Treg adoptive transfer treatments, and cell-derived
therapies can mitigate early inflammation and organ injury
by enhancing the count and function of Treg cells during the
acute inflammatory stage.

Drugs. PI3K p1108 inhibitor, CAL-101, and Interleukin-2-
induced T-cell kinase (ITK) inhibitors are validated not only to
restore Treg cell numbers but also to enhance their functional
capacity, playing a role in modulating immune responses
and reducing inflammatory damage during the hyper-
inflammatory stage [157, 158]. Ganoderma polysaccharides
(G.PS) promoted CD4™" T cell differentiation into Treg cells
through the p-STATS pathway, modulated inflammatory
cytokines such as TNF «, IL-17A, IL-6, and IL-10, which
significantly improved the survival rate of septic mice [159].
Berberine (BBR), a therapeutic agent recognized for its
antioxidant, anti-inflammatory, and immunomodulatory

properties, significantly reduces lung injury by increasing
the number of Treg cells in the spleen and lung tissues in
the CLP model [160]. Moreover, a single dose of arginine
administered at the onset of sepsis can reduce septic liver
inflammation by regulating the Th/Treg balance [122]. In
shock and sepsis models, ethyl pyruvate, a stabilized pyruvate
derivative, attenuates oxidative stress and inflammation by
enhancing Treg proliferation and suppressive function during
CD47CD25~ T-cell differentiation [161].

Cell transplanting treatments. In 2005, Heuer et al. first
employed in vitro—induced Treg cells for adoptive transfer
in a CLP mouse model. The results showed that mice
receiving stimulated Treg cells experienced a significant
increase in peritoneal mast cell populations and higher
levels of TNF-a. Furthermore, the bacterial clearance ability
of the treatment group mice was significantly improved,
resulting in better survival rates [162]. In vivo experimental
results demonstrate that the infusion of TIM3* Treg cells
can protect against structural lung injury in septic ALI by
modulating M2 macrophage polarization, thereby reducing
inflammatory infiltrates and effectively limiting the fibrotic
process following septic lung injury [84]. Combining Treg
cell therapy with PD-L1/PD-1 and Tim-3 agonists offers new
therapeutic potential for promoting the resolution of ALI and
lung repair in clinical settings [84, 163]. Moreover, adoptively
transferred VISTA™ Treg cells attenuate sepsis-induced
hepatic inflammation and injury in animal models [123].

Cell-derived therapies. Additional cell-based interventions
mitigate early septic inflammation, primarily through Treg-
mediated immunomodulation. One study showed that
human adipose—derived mesenchymal stem cells (hASCs) can
partially upregulate Treg cells and IL-10, thereby improving
the early inflammatory response in sepsis induced by LPS
or CLP modeling [164]. Bone marrow mesenchymal stem
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Table 3. Treatment targeting Tregs in sepsis
Immune Methods Trial Species Treatments Regulation to Tregs Outcomes References
status
Pro- Drugs In vivo Mice CAL-101(PI3K p1104 Restore Treg cell Reduce inflammatory [157]
inflammation inhibitor) numbers and enhance injury
Treg function
In vivo Mice Interleukin-2-induced Restore Treg cell Reduce inflammatory [158]
T-cell kinase inhibitors ~ numbers and enhance injury
Treg function
In vivo Mice Ganoderma Facilitated CD4" T cell [159]
polysaccharides differentiation into
regulatory T cells
In vivo Mice Berberine Increase Treg Alleviate lung injury [160]
population
In vivo Mice Arginine Regulate the Th/Treg Alleviate liver
balance inflammation
In vitro Ethyl pyruvate Enhance Treg [161]
proliferation and
suppressive function
Cell- In vivo Mice In vitro-induced Tregs Increase peritoneal mast [162]
transplanting cell populations and
treatments elevated TNF-« levels,
enhance bacterial
clearance capacity and
survival rates
In vivo Mice TIM3™ Tregs Alleviate structural lung  [84]
injury
In vivo Mice VISTA™ Tregs Reduce liver [123]
inflammation and injury
Cell-derived  In vivo Mice Human adipose—derived Increase Treg Alleviate the early [164]
therapies mesenchymal stem cells  proportion and IL-10 inflammatory response
expression
In vivo Mice An immunosuppressive  Enhance Treg levels Reduce inflammatory [168]
natural microvesicle injury
mimetic
Immuno- Checkpoint-  In vivo Mice Combination therapy of Enhance Th17/Treg Increased the 7-day [169]
suppression  targeted anti-PD-L1 antibody balance survival rate
therapies with probiotics
In vivo Human BMS-936559 (PD-L1 Reverse [170]
inhibitor) immunosuppressive
status by restoring
immune biomarkers
In vivo Mice TGF-B or IL-10 [172]
antibodies
In vivo Mice Anti-CD25 Reduce Treg cell Alleviate tissue damage  [60]
numbers and inflammation
Drugs In vitro Curcumin Downregulate CTLA-4 [173]
and inhibit Treg
function
In vivo Mice Codonopsis pilosula Inhibit Treg Foxp3 [174]
polysaccharide expression
In vivo Mice Astragalus Decrease Treg Attenuate weight loss [175]
polysaccharides proportion and kidney injury
In vivo Mice Nicotinamide ribose Suppress Treg Mitigate the depletion [176]
proliferation of splenic mononuclear
cells and T lymphocytes
In vivo Mice ZM241385 (A2AR Inhibit Treg PD-L1 Enhance long-term [131]
antagonist) expression prognosis
In vivo Mice Artesunate Inhibit Treg activation ~ Reestablishing immune  [177]
homeostasis
In vivo Human  Polymyxin Reduce the Treg number Improve sepsis-induced  [178]
B-immobilized fiber and serum IL-10 levels ~ immunosuppression
Cell trans- In vivo Mice BMDC transplantation ~ Reduces Treg Enhance the survival [180]
planting proliferation and rate
treatments differentiation
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cells (BMMSCs) and umbilical cord mesenchymal stem
cells (UCMSCs) have also been shown to exert beneficial
effects in alleviating the early inflammatory response
induced by CLP through the upregulation of Treg cell
number and function [165]. Cells isolated from human
amniotic membrane cells (HAMCs) have the potential
to generate and regulate Treg cells, thereby alleviating
sepsis-related inflammation. [166] Autologous cord blood
mononuclear cells (ACBMNC) intervention can improve late-
onset sepsis (LOS) in very preterm infants by increasing
the proportion of Treg cells [167]. Microvesicles can be
applied to manage inflammatory responses induced by
sepsis infection, thereby maintaining immune homeostasis.
In addition, endotoxin-tolerant DC-derived microvesicle
mimetics generated via extrusion elevate Treg populations
through miR-155-3p upregulation [168]. Despite promising
preclinical findings from laboratory studies, significant trans-
lational hurdles persist in translating these results into clinical
applications.

Immunosuppression status

Checkpoint-targeted therapies. Anti-PD-L1 treatment improves
the immunoregulatory state during septic immunosuppression
by modulating the balance of Treg cells. As research
progresses, combination therapies involving PD-L1 have
been proposed for application during the immunosuppressive
phase. Combining anti-PD-L1 antibody with probiotics syn-
ergistically augments septic mouse survival by Day 7 through
dual immunomodulation: suppressing pro-inflammatory
cytokines while elevating anti-inflammatory IL-10, con-
currently ameliorating oxidative stress and lung injury via
PI3K/AKT axis suppression. This regimen uniquely optimizes
Th17/Treg balance and accelerates polymorphonuclear
neutrophil apoptosis, outperforming monotherapies [169].
Immune checkpoint-based therapies have shown promising
clinical potential in septic patients. A Phase Ib randomized
controlled trial (RCT) in sepsis-induced immunosuppression
demonstrated favorable tolerability of PD-L1 inhibitor BMS-
936559, with dose-dependent reversal of immune dysfunction
by reactivating immune biomarkers. Nevertheless, large-
scale trials must validate the durability of safety and
efficacy in this critically ill cohort (NCT02576457) [170].
Despite experimental and clinical evidence linking Treg cells’
upregulation of immunosuppressive checkpoints, including
CTLA-4 and BTLA, to late-phase immunosuppression and
poor prognosis in patients, targeted therapies against these
molecules remain inadequately validated. Current evidence
indicates that sepsis-induced immunosuppression requires
targeted synergy of immune checkpoint inhibitors with
adjuvant immunomodulators, such as lysophosphatidic acid,
IL-7, IL-15, IFN, and FMS-like tyrosine kinase 3 ligand
(FLT3L), with individualized treatment plans tailored to each
patient [171]. In CLP-induced septic mice, the application
of TGF-B or IL-10 antibodies for neutralization reduces
Treg percentage and improves the survival rate [172].
Moreover, although reports indicate that the use of the
monoclonal antibody anti-CD25 to reduce Treg cell numbers
can effectively alleviate tissue damage and inflammation
during the immune suppression phase of sepsis in CLP-
induced mouse models, as well as increase the survival rate of
septic mice [60], there is currently no robust clinical evidence
to suggest that patients in sepsis would benefit from the
application of anti-CD25 in clinical settings.
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Drugs. In addition to immune checkpoint inhibitors, certain
specific compounds or receptor agonists have also shown
therapeutic effects targeting Treg cells in animal experiments.
In vitro experiments demonstrate that curcumin can inhibit
Treg function by downregulating CTLA-4, thereby suppress-
ing cell—cell contact, inhibiting the secretion of inhibitory
cytokines [173]. Another component isolated from tradi-
tional Chinese herbs, Codonopsis pilosula polysaccharide,
may partially rebalance immune homeostasis and ameliorates
sepsis outcomes by inhibiting the expression of Foxp3 on
Treg cells through TLR4 signalling [174]. Moreover, Astra-
galus polysaccharides (APS) have been reported to attenuate
immunosuppression in polymicrobial sepsis by downregu-
lating Treg [175]. A notable decrease in NAD* levels and
its downstream molecule, SIRT1, is found within T cells
in sepsis. Zhao et al. verified that the immediate adminis-
tration of nicotinamide ribose (NR), an NAD* precursor,
following cecal ligation and puncture, significantly enhances
NAD and SIRT1 levels. NR supplementation mitigates the
depletion of splenic mononuclear cells and T lymphocytes
during sepsis, while also boosting CD4% and CD8* T cell
counts. Furthermore, NR suppresses the proliferation of Treg
cells among CD4™ T cells in sepsis [176]. As is known,
circulating adenosine levels modulate Treg cell differenti-
ation and function via adenosine receptors during sepsis.
In vivo studies indicate that A2AR regulates the suppres-
sion of splenic regulatory T cells, promoting sepsis-induced
immune suppression. A2AR blockade improves CD4* T cell
homeostasis through a spleen-dependent mechanism, inhibits
PD-L1 expression in Treg cells, and reduces their capacity
to suppress lymphocyte proliferation. Administration of the
A2AR antagonist ZM241385 effectively enhances long-term
prognosis in CLP mice [131]. Artesunate (ART) can inhibit
the activation of Treg cells, alleviating the immunosuppressive
state of sepsis and reestablishing immune homeostasis in the
host [177]. In addition, clinical research results based on sepsis
patients with intra-abdominal infection foci show that treat-
ment with polymyxin B-immobilized fiber (PMX-F) for 24 h
can significantly improve sepsis-induced immunosuppression
by reducing the number of Treg cells and serum IL-10 levels
[178, 179].

Cell-transplanting treatments. Recent animal studies have
shown the potential for using cell transplantation strategies
during the immunosuppressive phase of sepsis. In the CLP
model of septic mice, transplanting bone marrow-derived
dendritic cells (BMDCs) increases DC counts and improves
sepsis outcomes. This approach reduces the proliferation and
differentiation of splenic Treg cells and CD4* CD25" Foxp3™
Treg cells, leading to a notable increase in survival rates among
septic animal subjects [180].

Challenge and future perspectives

The variability in pro-inflammatory and immunosuppressive
responses among individual sepsis patients presents significant
challenges for the successful implementation of immunother-
apy. Precisely identifying the optimal therapeutic window for
targeting Treg cells in sepsis remains a crucial clinical issue.
Current evidence highlights the dual roles of Treg cells: in
hyperinflammatory states, Treg cells help alleviate systemic
inflammatory response syndrome, while excessive Treg
activity in later stages may worsen immunosuppression. This
temporal duality necessitates biomarker-guided stratification,
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such as monitoring monocyte HLA-DR expression or plasma
cytokine profiles (e.g. IL-10, TGF- concentration), to identify
immune-paralyzed patients who may benefit from Treg
modulation. However, establishing a unified criterion for
the immune status of sepsis patients in clinical practice
remains controversial. Employing machine learning and
artificial intelligence to determine immune profiles and
develop personalized treatment strategies shows considerable
potential for clinical application [181]. Meanwhile, despite
substantial preclinical findings demonstrating the potential
therapeutic efficacy of various molecular agents and cellular
therapies in modulating Treg-mediated immune homeostasis
during different stages of sepsis, current research remains
predominantly preclinical. Large-scale RCTs are still crucial
for validating clinical efficacy and establishing evidence-based
therapeutic protocols.

Conclusions

The role of Treg cells in sepsis is intricate, as they can have
both protective and immunosuppressive effects, which vary
depending on the disease stage. During sepsis progression,
abnormal metabolites, DAMPs, and other immune cells
regulate the changes in the number and function of Treg
cells through various mechanisms, further affecting immune
homeostasis. Current research suggests that Treg cells and
Treg cells with specific markers may have potential value in
predicting the prognosis of sepsis patients. While standard
treatments for sepsis continue to focus on infection control
and supportive care, targeted immunotherapies that modulate
Treg cell function present an exciting opportunity to improve
outcomes in septic patients. However, given the dual role of
Treg cells at different stages of sepsis, choosing the right timing
for treatment remains a significant challenge. Personalized
approaches, tailored to an individual’s immune status, are
likely to be the most effective way to harness the beneficial
aspects of Treg cells while reducing their potential for immune
suppression. Further studies must optimize these strategies to
validate their clinical safety and therapeutic efficacy.
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