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Background: Postoperative adhesion (PA) is the most common complication of
abdominal or pelvic surgery, resulting in various complications, including small
bowel obstruction, secondary female infertility, chronic abdominal pain and even
death. Unfortunately, there are few effective methods for the prevention and
treatment of it. Previous studies confirmed that coagulation response,
inflammation, fibrosis and fibrinolysis played a central role in PA formation and
a variety of cells, such as monocytes, macrophages, fibroblasts, neutrophils and
mesothelial cells participated in this process. Peritoneal macrophages are
prominent immune cells that maintain homeostasis and coordinate cavity
wound healing in serosal cavities.

Aim of review: In this review, we analyze the role of peritoneal macrophages in
PA formation. it also presents the latest treatment and prevention strategies
targeting peritoneal macrophages. This review focuses to provide an
immunological theoretical basis and new target for the prevention and
treatment of PA.

Key scientific concepts of review: Peritoneal macrophages recognize sterile or
infected injury, initiate repair, form aggregates, and regulate coagulation,
inflammation, fibrosis and fibrinolysis in PA formation. Therefore, in the most
of existing strategies to prevent PA formation, the biological mechanism is
related to the function of peritoneal macrophages. Targeting macrophages to
prevent PA formation holds great promise.

KEYWORDS

postoperative adhesion, peritoneal macrophages, molecular mechanisms, serosal
repair, adhesion prevention within the peritoneal cavity, peritoneal macrophage
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GRAPHICAL ABSTRACT

Schematic diagrams of some mechanisms regarding the roles of peritoneal macrophages in coordinating the coagulation, inflammation, fibrosis and
fibrinolysis and MMT in postoperative adhesion formation. (A) Mesothelium injury induces acute inflammatory response resulting in the exudation of
fibrinogen from vessels. Meanwhile, activated coagulation factors, such as FV, FX, companying with Ca®* and phospholipids (PL) activates prothrom-
bin into thrombin, which is able to cleave fibrinogen and promote the formation of fibrinous colts. Subsequently, plasminogen activators, such as
tPA and uPA, activate plasminogen and initiate fibrinolysis response incurring fibrin clots degradation. (B) Heterogenous peritoneal macrophages play

a key role in the formation of PA. First, they release lots of inflammatory

CXCL9, CXCL10, leading to tissue injury and immune cells aggregations. Second, as the main source of peritoneal coagulation factors, such as FV,
FVII and FX, peritoneal macrophages are necessary for peritoneal coagulation response. In the end, peritoneal macrophages can activate mesothelial
cells by secreting TGF- B, IL-10 or directly touching with them with multiple mechanisms, such as CX3CR1-CX3CL1. (Dotted line means this pheno-
type is not confirmed in the model of peritoneal adhesion, but has been proved in other peritoneal models, such as peritoneal dialysis model.).

cytokines, such as TNF-q, IL-6, IL-12, IL-1B and chemokines, such as CCL5,

Highlights

 Peritoneal macrophages play a crucial role in the formation
of peritoneal adhesion.

* Peritoneal macrophages are the main immune cells in
peritoneal cavity.

* Peritoneal macrophages recognize sterile or infected injury,
initiate repair, form aggregates, and regulate coagulation,
inflammation, fibrosis and fibrinolysis in PA formation.

+ Targeting peritoneal macrophages have great potential to
prevent and treat peritoneal adhesion.
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1 Introduction

Postoperative adhesions are pathological fibrotic bands that
form permanent scar tissue between internal organ surfaces, the
omentum, and abdominal wall structures following surgical
intervention (1-3). It is estimated that more than 90% abdominal
or pelvic surgeries will lead to the formation of PA and cause small
bowel obstruction, secondary female infertility, chronic abdominal
pain and even death (4-6). Despite substantial investments of time
and resources in developing anti-adhesion strategies - including
surgical technique refinements, physical barriers, and chemical
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agents - no currently available method provides fully satisfactory
prevention of peritoneal adhesion formation (7). Furthermore, once
adhesions formed, surgery is the only effective way to lyse them,
which predisposes the patients to further adhesion (8, 9). The
Surgical and Clinical Adhesions Research group has reported that
5.7% of readmissions are directly related to adhesions, nearly a
quarter of which occur in the first postoperative year (10). Thus,
there is an urgent need to develop effective ways to minimize PAs.

PA is mainly mediated by four factors: inflammatory pathways,
coagulation responses, fibrosis and fibrinolysis (2). Other factors,
such as hypoxia, infections also have impacts on PA. When tissue
damage occurs, hemostasis or coagulation is the initial process that
happens to stop blood loss (11). Ample thrombinogen is activated
into thrombin in the presence of activated factor V and X, Ca%" and
a phospholipid surface. Simultaneously, tissue injury, foreign body,
blood or bacteria can trigger the inflammatory response (12).
Subsequently, a large number of inflammatory cells, such as
neutrophils, monocytes, macrophages and lymphocytes are
recruited to the injury sites to clear pathogens and cellular debris.
These immune cells release numerous chemokines, inflammatory
cytokines, such as CXCL13 (CXC-chemokine ligand 13), CCR2 (C-
C motif chemokine receptor 2), tumor necrosis factor-o. (TNF-a),
interleukins-1f (IL-1P) and interleukins-6 (IL-6) (13), resulting in
more inflammatory cells aggregations and the increased
vasopermeability. In the end, abundant fibrinogen exudates out
the vascular and are activated by thrombin to contribute to the
development of fibrin clots. Furthermore, these inflammatory cells
and fibrins promote the formation of mesothelium-bound, fibrin-
dependent, multicellular aggregates which exert the functions of
controlling the infection and shielding the injury (13, 14).
Macrophages identify and clear apoptosis neutrophils via
efferocytosis, marking the initiation of the resolution of
inflammation (13, 15). During the remission of inflammation,
kinds of stromal cell such as fibroblasts, stem cells, migrate into
the wound bed and contribute to forming the granulation tissue.
Then, these stromal cells are activated by signaling molecules, such
as transforming growth factor-fl1 (TGF-B1) and vascular
endothelial growth factor-o. (VEGF-ar) (16). Activated fibroblasts
present strong proliferation abilities and produce abundant matrix,
leading to the generation of new tissue. In addition, some studies
have revealed that neutrophils can direct preexisting matrix around
the wound to engage in the repair (17). Plasmin, an enzyme used to
degrade fibrin, is activated by tissue fibrinogen activator (t-PA) and
urokinase fibrinogen activator (u-PA). Plasmin and Matrix
metalloproteinases (MMPs) play a vital role in degrading
superfluous extracellular matrix (ECM) and tissue remodeling.
Eventually, there are two different repair outcomes: complete
restoration or fibrotic scar formation (13). Hence, it is crucial to
maintain inflammatory responses, coagulation responses, fibrosis,
and fibrinolysis in a moderate and balanced pattern.

Peritoneal cavity contains various immune cells which play
important roles in the acute inflammatory response given that they
are able to phagocytize pathogens, present antigens, and activate
other cells. Among these cells, macrophages play a crucial role in
modulating the entire process of tissue repair owing to their diverse
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phenotypes and functional capabilities (9). Within the peritoneal
cavity, macrophages serve as the initial sensors of tissue injury,
rapidly forming aggregates at the site of damage—similar to platelet
aggregation—shortly after injury occurs, resulting in undetectable
macrophages in the peritoneal fluid, a phenomenon called
macrophage disappearance reaction (MDR) (18, 19). They exhibit
multifunctional properties, such as potent phagocytic activity, the
ability to secrete a wide array of cytokines to recruit inflammatory
cells, and efficient clearance of harmful stimuli, including bacteria
(20). Moreover, peritoneal macrophages serve as the important
source of coagulation factors (e.g., factors V, VII, and X) in the
peritoneal fluid, facilitating rapid hemostasis in emergency situations
(21). Furthermore, macrophages secrete TGF-f1, VEGF-o, and
MMPs, which may serve as key mediators in mesothelial-to-
mesenchymal transition (MMT) and activating collagen-producing,
o-smooth muscle actin (0i-SMA)-positive myofibroblasts and
regulate collagen degradation (12, 22-25). Conversely, studies have
demonstrated that complete depletion of peritoneal macrophages
leads to impaired tissue repair processes (18). Therefore, peritoneal
macrophages play pivotal regulatory roles in wound healing and
tissue remodeling. Therapeutic targeting of these macrophages may
represent a promising strategy for preventing peritoneal adhesions.

In this review, we highlight recent advances in understanding
the immune system’s role - particularly macrophage biology,
associated molecular mechanisms and targeting macrophage
therapy- in PA formation and targeting macrophage therapy.
These insights provide novel perspectives and therapeutic
approaches for developing more effective PA prevention strategies.

2 Heterogeneous macrophages
regulate peritoneal cavity homeostasis

In mammals, there are three main serosal cavities: the
peritoneal, pleural, and pericardial cavities. Although they are
located in distinct anatomical compartments, they have the same
embryological origin, the embryonic coelom, and contain vital
organs (26). Among them, the peritoneal cavity is the largest
serosal cavity surrounded by two mesothelial layers (visceral and
parietal peritoneum) and accommodates the stomach, spleen,
intestines, pancreas, reproductive organs, omentum, and so on
(27, 28). The peritoneal cavity contains a small volume of
peritoneal fluid (5~20 ml in healthy humans, ~50 pl in 6-week-
old C57BL/6] mice), which lubricates the surface of visceral tissues,
facilitating smooth movement of the visceral and parietal serosa
without friction (21, 29). Notably, mouse peritoneal fluid contains
remarkably high cellular density, with a concentration of
approximately 6.5 x 10* cells/ul - about 20-fold higher than
circulating leukocyte levels in peripheral blood (21). What’s more,
most leukocytes in the peritoneal cavity are lymphocytes (10-60%)
and macrophages (40-60%) (29), and other various immune cells,
such as monocytes, dendritic cells, innate lymphoid cells, T cells, B-
1 cells, mast cells and natural killer cells are rare (30, 31).

Macrophages represent one of the most functionally versatile
and phenotypically heterogeneous cell populations, residing in
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nearly all mammalian tissues where they surveil the local
microenvironment and maintain tissue homeostasis. Under
physiological conditions, the murine peritoneal cavity harbors at
least three distinct macrophage subsets, which are broadly divided
into F4/80" large peritoneal macrophages (LPMs), F4/80" small
peritoneal macrophages (SPMs) and F4/80™" intermediate
macrophages (32, 33). LPMs represent the resident macrophage
population in the peritoneal cavity, exhibiting characteristically
larger cell sizes compared to SPMs. In mice, LPMs originate from
yolk sac-derived hemogenic endothelium during embryonic
development and are subsequently maintained through regulation
by tissue-specific niche signals in the peritoneal microenvironment
(34-37). SPMs originate from hematopoietic stem cells (HSCs) and
demonstrate limited niche occupancy compared to their LPMs
counterparts (35). F4/80™ macrophages represent a transitional
population undergoing differentiation from SPMs to LPMs, as they
progressively acquire niche-specific residency and phenotypic

10.3389/fimmu.2025.1601642

characteristics (38). Under steady-state conditions, LPMs are the
prominent macrophages, containing approximately 90% of the
peritoneal macrophages, whereas SPMs and F4/80™ intermediate
macrophages rarely found in the healthy peritoneal fluid (39, 40).
Peritoneal macrophage subpopulations exhibit distinct turnover
kinetics, phenotypic characteristics, and functional properties that
correlate with their developmental origins and specific niche
environments. These population-specific attributes will be
examined in detail in the following section (Figure 1).

A recent study identified another three resident macrophage
subpopulations sharing a set of core gene signatures in five organs
of C57BL/6] mice by using unbiased single-cell RNA sequencing.
Based on the expression of the phosphatidylserine receptor T cell
immunoglobulin and mucin domain containing 4 (TIMD4),
lymphatic vessel endothelial hyaluronan receptor 1 (LYVEL),
folate receptor beta (FOLR2)(TLF), major histocompatibility
complex II (MHC-II) and CCR2, three resident macrophage
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Summary of cellular kinetics of peritoneal immunity cells under homeostasis conditions or on peritoneal sterile injury. (A) Peritoneal cavity is
surrounded by two mesothelial layers (visceral and parietal peritoneum), and both consisting of three distinctive layers: the mesothelium, a basal
lamina and the submesothelial stroma. The mesothelium forms the innermost surface of the peritoneum. Under homeostatic conditions, peritoneal
cavity contains abundant free-floating leukocytes, such as lymphocytes (10-60%), macrophages (40-60%), B-1cells, T cells, monocytes, natural killer
(NK) cells and so on. Their migration is completely passive because the power is from the fluid shear flow. Mesothelial cells produce both tissue-
type, urokinase-type plasminogen activators (tPA and uPA) and the glycoproteins plasminogen activator inhibitors (PAI)-1 and PAI-2. By expressing
MHC-1I molecules, the mesothelial cells are able to present antigens. RALDH1/2 is the rate-limiting enzyme for retinal metabolism. Mesothelial and
fibroblastic stromal cells prompt RALDH1/2 via expressing Wilms' Tumor 1 (WT1) to produce retinoic acid, which is a pivotal driver of GATA6
expression. B-1 cells secret IgA antibodies which are important ingredient of innate immunity. (B) Injury mesothelial cells release DAMPs, such as
ATP, which binds to the P2X7 receptors to activate LPMs and ample chemokine and cytokine to recruit abundant immune cells to the injury site.
These activated LPMs upregulate the number of scavenger receptors (SRs) and TLRs on the membrane and first attach to the injury mesothelial cells.
Mesothelial cells from the wound edge, the opposing surface and distant sites are stimulated to undergo mesothelial-mesenchymal transition

(MMT). (By Figdraw.).
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subpopulations is defined as MHC-II" macrophages, CCR2"
macrophages and TLF" macrophages (41). Similarly, a study
found that two separate macrophage subsets with diverse
expressing profiles across lung, heart, dermis and other organs:
Lyvel °MHC-II"CX3CR1™ (C-X3-C Motif Chemokine Receptor 1)
(Lyvel®MHC-II") and Lyvel™MHC-1I"CX3CR1" (Lyvel™MHC-
I1'°) (42). However, whether peritoneal cavity also contain these
parallel resident macrophage subpopulations need to be

explored furthermore.

2.1 The renewal of peritoneal macrophage
subpopulations.

LPMs arise from embryonic progenitors which emerge earlier
than hematopoietic stem cells (43). Experiments and studies have
confirmed that LPMs are long-lived cells and have the ability of self-
renewal locally (35, 44). Early studies suggest that throughout adult
life only a minimal part of LPMs are replenished by circulating
monocytes in the steady state (34). However, recent studies using
tissue-protected bone marrow chimera and fate mapping
techniques have shown that Ly6C" monocytes continuously
extravasate from blood vessels into the peritoneal cavity through
a CCR2-dependent mechanism to replenish CD11c* and CD11c
F4/80" macrophages during the aging process, with at least a small
portion of F4/80'° monocytes acquiring an F4/80™ phenotype (36).
This implies that the self-renewal nature of LPMs is not sustained
throughout life and that they are progressively displaced by
circulating monocytes with age (36).

Unlike for most other tissue resident macrophages, the turnover
of F4/80MCD102* (intercellular adhesion molecule 2, ICAM2)
peritoneal macrophages from bone marrow-derived macrophages is
highly sex dependent, with high or low rates in male or female mice,
respectively. Interestingly, the difference in turnover occurs after
sexual maturity. In four-week-old Rosa26LSL-eYFP fate-mapping
mice, the number of LPMs with eYFP labeling was not significantly
different between male and female mice, both approaching 28%.
However, by 16 weeks of age, the turnover of LPMs in male mice
reached 60%, nearly twice that in female mice, which was 32% (45).
What’s more, further studies demonstrated that female and male
monocytes have an equal ability to translate into F4/80" CD102*
macrophages in the male peritoneal cavity (45). Thus, it’s the
peritoneal local environmental signals that regulate dimorphic
effects on peritoneal macrophage replenishment, while the
molecular mechanisms underlying the turnover are still unclear.

SPMs and F4/80™ intermediate macrophages arising from
HSCs, are short-lived cells. Circulating monocytes are responsible
for their renewal and peritoneal inflammatory stimulations can
make them expand massively (46). Although a small part of F4/80™
macrophages get the opportunity to give rise to LPMs, the
expression of phagocytic receptor T-cell membrane protein 4
(Tim4), a cardinal features of LPMs, is not universally adopted by
their descendants (36). In summary, the peritoneal cavity harbors
both embryonic-derived and HSC-derived macrophage populations
that exhibit distinct renewal dynamics regulated by local
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microenvironmental cues. Notably, peritoneal macrophage
turnover rates demonstrate age- and sex-dependent variations,
likely mediated by hormonal influences and cumulative
inflammatory exposure.

2.2 The phenotypes characteristics of
macrophage subpopulations

Macrophage subpopulations present different phenotypes
characteristics. LPMs express high levels of F4/80 but low levels
of MHC-II, while SPMs express low levels of F4/80 but high levels of
MHC-II (47). F4/80™" intermediate macrophages gradually acquire
the phenotypes characteristics of LPMs and lose the molecular
markers of SPMs. Three macrophage populations express CD11b, a
cardinal features of myeloid cells.

Furthermore, LPMs express high levels of CD64 (the high
affinity IgG receptor) and Mer tyrosine kinase (MerTK), two
markers that are now commonly used to identify tissue
macrophages, as well as CD102 (intercellular adhesion molecule
2, ICAM2), which has emerged as a signature marker of LPMs
(48, 49). Additionally, LPMs also express adhesion and localization
molecules, such as CD49f, CD11b, CD73, and CD62P, dead cells
recognition and removal molecules, such as CD93, CD36, CD163,
macrophage receptor with collagenous structure (MARCO),
macrophage scavenger receptor 1 (MSR1), the scavenger receptor
Tim4, and MerTK, immune inhibit molecules, such as V-set
immunoglobulin domain-containing 4 (VSIG4), and other special
molecules, such as CD9, CD64, TLR4, TLR7and the M-CSF
receptor CFSR1 under the control of cues from the peritoneal
microenvironment (18, 32, 47, 50, 51).

On the contrary, most of these markers are not expressed by SPMs
at any significant level. SPMs are monocyte-derived cells which highly
express the chemokine receptor CCR2. CCR2 plays a critical role in the
recruitment of monocytes during peritoneal inflammatory responses
and the number of SPMs significantly reduces in the peritoneal
exudate of CCR2 KO mice (47). Then, studies have revealed that
SPMs are acutely dependent on CSF1 for their development or
maintenance (52). And they are heterogeneous in terms of CDI11c
expression, which was previously considered a dendritic cell-specific
marker. Furthermore, the CD11c" fraction is partially affected by Flt3L
deficiency and contains both CCR2-dependent and CCR2-
independent cells (53). Moreover, a small portion of F4/
80'°MHCII"CSF1" cells express Zbtb46, which has been used
extensively to identify cells of the DC lineage (53, 54). Therefore, the
F4/80°MHCII*CSF1* compartment may contain a small population
of DCs which are also monocyte-derived (32). CD226 (DNAM-1),
CD206 (mannose receptor) and the immunoregulatory cytokine
resistin-like molecule oo (RELMa) are useful markers of mature F4/
80°MHCII*CSF1* macrophages in serous tissue. RELMo. expression
appears to best discriminate macrophages from the DC component of
F4/80°MHCII'CSF1* cells (32, 36). As for F4/80™ intermediate
macrophages, which possess a transitional macrophage phenotype
characteristic, expressing a high level of MRCI and LYVEIL, but not
expressing GATAG6 (43, 55).
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Transcription factors are vital for macrophage-specific gene
expression, and macrophage subpopulations express distinct
transcription factors which regulate the development and
differentiation of macrophages. LPMs rely on the zinc finger
transcription factor GATA6 for acquiring tissue-special functional
features, keeping self- homeostasis and localizing into the peritoneal
cavity, while SPMs rely on interferon regulatory factor 4 (IRF4) for
maintaining alive and differentiation (56-58). And the expression of
GATAG6 is negligible in SPMs, thioglycolate-induced peritoneal
macrophages, and neutrophils. Retinoic acid, a metabolite of
vitamin A produced by mesothelial and fibroblastic stromal cells
expressing Wilms’ tumor 1 in the omentum and visceral adipose
tissues, is a pivotal driver of GATAG6 expression by activating retinoic
acid nuclear receptors (47, 59, 60). The production of retinoic acid is
controlled by two rate-limiting enzymes, RALDHI and RALDH2
which is driven by Wilms’ tumor 1 transcription factor. Therefore, by
regulating the available of retinoic acid to reverse the transcriptional
program of LPMs is feasible (48). LPMs can downregulate the
expression of GATAG in the alveolar space and acquire the alveolar
macrophage transcriptional profiling (61). What’s more, the absence
of GATAG results in a higher expression of some proteins, such as
CD206 and LYVE, while decreasing the expression of CD73 (47, 62).
This is in line with the functional plasticity of macrophage exposed to
different environmental signals. Interestingly, global or myeloid-
specific deletion of CCAAT/enhancer binding protein (C/EBP)
affects the survival, proliferation and function of F4/80" LPM
macrophages (57). Thus, there are not only one way of regulating
the transcriptional program of LPMs.

Taken together, special tissue signal molecules from the
peritoneal microenvironment trigger the expression of different
transcriptional factors, leading to the initiation of the
transcriptional programs. Eventually, macrophage subpopulations
present different phenotype characteristics. The signaling pathways
between transcription factors and phenotype characters need to be
further clarified to assist us in developing new strategies for
adhesion protection.

2.3 The functional heterogeneity of
macrophage subpopulations

Macrophage subpopulations have different functional features.
LPMs express a range of receptors that sense physiological
parameters, such as molecular signals associated with apoptotic,
damaged, or unfit cells. This endows them with the ability to
maintain peritoneal homeostasis and provide the first line of
defense against life-threatening pathologies of the peritoneal cavity,
such as abdominal sepsis, peritoneal metastatic tumor growth, or
peritoneal injuries (35, 63). Every day, billions of cells undergo
apoptosis at a steady state mammal body. The apoptotic cells
(ACs) can release “find-me”, “eat-me” and “digest-me” signals that
recruit phagocytes to engulf and digest apoptotic cells (64). As
peritoneal resident macrophages, LPMs act as the primary
initiators of ACs and express a high level of TIM4, which can bind
the phosphatidylserine (PtdSer) released by ACs and promote the
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engulfment of LPMs (65). Cues from the peritoneal
microenvironment can program LPMs for “silent” clearance of
ACs to avoid the inflammatory response. This process is regulated
by the transcription factors KLF2 and KLF4, which inhibit TLR9
expression and drive the expression of many AC clearance program
genes (51). Moreover, LPMs are a physiological main source of CXC-
chemokine ligand 13 (CXCL13) within the peritoneal cavity and can
recruit Bl cells from the bloodstream into omental lymphoid
aggregates, termed “milky spots”, and then move into the
peritoneal cavity. B cells are peritoneal resident immune cells and
occupy the majority of B cells cluster. What’s more, B1 cells express
large amounts of surface IgM antibodies, known as natural
antibodies, which are present in the serum of unimmunized mice
to provide protection from bacterial infections. Some studies have
shown that the number of Bl cells is markedly decreased and that the
formation of milky spots is impaired in CXCLI13-deficient mice.
These changes lead to impaired production of natural antibodies and
decreased peritoneal immunity (66). Therefore, LPMs play a crucial
role in maintaining the population of peritoneal lymphocytes and in
the development of the lymphoid network (27, 66, 67).

Compared to LPMs, SPMs have a weaker ability to engulf
apoptotic cells, but they can produce much higher levels of nitric
oxide and have a greater capacity to phagocytose bacteria. Under
conditions of damage, monocytes can be recruited from the blood
to tissues and mature into macrophages over a period of 2-3 days
(68). At steady state, the number of SPMs is insignificant, and their
resting-state functions are rarely studied; therefore, it is speculated
that SPMs mainly play a role after inflammation occurs. Moreover,
in the various complicated pathological status, the functions of
different macrophage subpopulations are more heterogeneous,
which are further elaborated in the following.

2.4 The heterogeneity of human cavity
macrophages

Based on the results of single-cell RNA sequencing (scRNA-seq),
the human cavity macrophages are cataloged into eight clusters:
MRCI'LYVE1"CD163" macrophages, GATA6"SELP" macrophages,
GLUL'CD163"FABP5" macrophages, MARCO" macrophages, IL13"
macrophages, interferon-stimulated genes (ISG)" macrophages,
CCR2" macrophages and CDIC'CD14" macrophages (62).
MRCI'LYVE1"CD163"GATA6 macrophages are the prominent
subset in the human peritoneal cavity, matching with mouse
CD206" LYVE1" GATAG6 cavity macrophages, representing a
transitional differentiation stage that occurs before Gata6 expression
(49). The proportion of GATA6"SELP™ macrophages is less than 5% in
the human peritoneal cavity, but their counterparts simultaneously
expressing GATAG6 and SELP in mouse, are the prominent subset, up
to approximately 90% (49, 62). Interestingly, the longevity marker,
TIMD4, are mainly expressed by CD206" and GATA6" macrophages.
Then CD1C'CD14" cluster is another prominent macrophage
subpopulation enriched in FCGRIA encoding CD64, FCGR3A
encoding CD16, FABP5, CSFIR (encoding CD115), CD63 and
CD163 and MAEFB, which are traditional genes associating with
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macrophages. GSEA comparison have revealed that the counterpart of
CD1C"CD14" macrophages is SPMs in mouse and both of them have
features of dendritic cells and macrophages (62). As for other human
macrophages, including CCR2" or GLUL' macrophages, their
counterparts in mouse are still not uncovered. In addition, some
other classical macrophage markers have been used to identify
human peritoneal macrophages, such as CD11b, CD68, CD86,
CD119, Tim4, MerTK, P-selectin glycoprotein ligand (PSGL-1),
VSIG4 and CD49F (32, 39, 69).

The body cavity in most multicellular organisms harbors
immune cells that clear pathogens and facilitate repairment of
cavity injury. In mammals, the first line of immunity in the
peritoneal cavity is fundamentally based on phagocytic and
antibody-mediated defense mechanisms supported by LPMs and
Bl cells. In mouse, LPMs are the prominent components of
peritoneal defenses at steady state, and they play a crucial role in
sensing and clearing stimuli from inside or outside the body to the
peritoneal cavity. Similarly, in human, the peritoneal, pleural, and
pericardial cavities are filled with vast numbers of cavity

TABLE 1 Peritoneal macrophage subsets in different species.

Subsets deter-
mined by
flow cytometry

Markers

Species

10.3389/fimmu.2025.1601642

macrophages, and some of them have been found counterparts in
mice, while others haven’t. Although these immune cells seemingly
perform the same effect of defensing against pathogens and
prompting injury impair, the expression pattern and classification
of the macrophages are diverse in different species. Up to now, the
most of theoretical findings about cavity macrophages comes from
the researches referring to the mouse, which include the turnover,
the gender differences, and the various functions of cavity
macrophages in the homeostasis and pathological states. The
clusters of human cavity macrophages are obviously different
from the mouse, so it still remains to be further explored whether
these studies translate directly to humans. These findings
underscore the need to investigate the characteristics and
functional adaptations of human peritoneal macrophages across
various disease states. Importantly, macrophage subpopulations
exhibit distinct transcriptional profiles and specialized functions
shaped by their tissue-specific niches. Throughout mammalian
lifespan, both LPMs and SPMs play essential yet complementary
roles in preserving peritoneal homeostasis (Table 1).

Subsets determined by single

cell RNA sequencing References

Proportion

large phagocytes

71%

Small phagocytes 2%
Sea urchin Red spherule cells (RSCs) C-oelomocytes subsets ba.sed on 7% hone (152, 153)

size, structure, and function

Colorless spherule

cells (CSCs) Total 20%

Vibratile cells
Identify makers: F4/80, CD64,
MerTK, CD102 CFSR1
Adhesion molecules: CD49f,
CD11b, CD73, and CD62P
Dead cells recognition

. molecules: CD93, CD36, CD163,

Large peritoneal MARCO. MSR1 90% "

macrophages (LPMs) 4 ! ° MHC-II"™ macrophages;
Scavenger receptor: Tim4, CCR2" macrophages (1. 32, 36, 39

mice MerTK TLF* macrophages ’41 ’42)’ ’

immune inhibit molecules: Lyvel °MHC-IIMCX3CR1" macrophages ’
VSIG4 Lyvel™MHC-II'CX3CR1" macrophages
other molecules: CD9, CD64,
TLR4, TLR7

Small peritoneal CCR2, MHCII, CSF1, CD226, 10%

macrophages (SPMs) CD206, RELMa,CD11b, CD11c ?

intermediate macrophages MRC1, LYVEI, CCR2, CD11b -

. i CD11b, CD11c, CD64, CD116, MRCI*LYVE1*CD163" macrophages,

CD14**CD16 40% SN

CD119, HLA-DR GATAG6"SELP" macrophages,
GLUL'CD163"FABP5" macrophages,
++ +
CD147°CD16 CD40, CD86 40% MARCO+ macrophages,
human IL1B* macrophages, (62, 69)
interferon-stimulated genes (ISG)*
CD14"¢"CD16" e CD80, CD86, CD206 20% macrophages,

CCR2" macrophages
CD1C*CD14" macrophages.
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3 Peritoneal macrophages recognize
serosal injury

In the steady state, macrophages are free-floating in the
peritoneal fluid without attachment to the mesothelium (18, 21).
Imaging of macrophages with an intravital microscopy model
reveals that the migration rate of macrophages in the peritoneal
cavity is very fast, up to 800 um/s. Additionally, the migration takes
place in a random and wholly passive manner that relies on the
dynamics flow of peritoneal fluid (18). Therefore, macrophages
contribute to constructing the first line of immunity in the
peritoneal cavity and are capable of rapidly reacting to any
pathogens and serosal injuries. Furthermore, activated
macrophages form the aggregates and encompass the pathogens
or injuries, or engulf pathogens and die, or move to the omentum
and present antigens, and so on, which will result in MDR and
initiate and regulate the tissue repair.

3.1 The recognition of injury stimuli

Injury stimuli is various, and these proinflammation molecules
are different with each other and can be classified as damage-
associated molecular patterns (DAMPs), pathogen-associated
molecular patterns (PAMPs) and lifestyle-associated molecular
patterns (LAMPs) (70). Without pathogens and their products,
sterile operations or chemical stimuli can lead to sterile injury of
peritoneal cavity. Damaged and necrotic cells, such as mesothelial
cells, parenchymal cells and mesenchymal cells, release numerous
DAMPs, which are able to activate coagulation responses, serine
kinases of kinin, and complement cascades, resulting in the
generation of cytokines and inflammatory mediators in the early
stage (70-72). DAMPs consist of many types of molecules,
categorizable into two types: intracellular DAMPs and
extracellular DAMPs. Hence, the receptors of DAMPs are also
diversity and consist of pattern recognition receptors (PRRs), such
as Toll-like Receptors (TLRs), C-type lectin receptors (CLRs) and
cytoplasmic Nod-like receptors (NLRs) and non-PPRs, such as
CD44, CD91 and integrins (71-73). Furthermore, many studies
have confirmed that the activation of macrophage cells is dependent
on various DAMPs, such as the binding of ATP and P2X7 receptors
under sterile inflammation conditons (18, 70, 74). PAMPs refer to
infectious microbes or their conserved microbial products, such as
lipopolysaccharide (LPS). PAMPs activate PRRs, resulting in
leukocyte trafficking and inflammation initiation (70, 75). LAMPs
refer to an eliciting immunostimulatory molecular pattern, which is
neither clearly pathogen nor damage associated, while associate
with modern lifestyle (70).

LPMs are the first responders to mesothelium injuries in the
peritoneal cavity. Neutrophils emerge in the injured area more than
40 minutes after the injury occurred, slower than LPMs. In the
steady peritoneal fluid, LPMs are dominant, while their presence
diminishes significantly by 4 hours post-surgery, accounting for
merely 1% of the total peritoneal cell population. Furthermore, their
disappearance becomes more significant and is even undetectable
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by 24 hours after the surgical procedure (76). The phenomenon
known as MDR, which is initially described fifty years ago, is an
inflammatory response to harmful stimuli in the peritoneal cavity
(77, 78). Following the injection of the chemical agents or sterile
injuries, macrophages are disappearance from peritoneal lavages,
while there is a sharp rise in the quantity of inflammatory
monocytes, indicating a rejuvenation of immune cells and
enhanced effector activity within the peritoneal cavity (47, 77, 79).
SPMs are typically difficult to detect in homeostasis conditions
while the influx of monocytes leads to a rise in SPMs to comprise
3% of the peritoneal cell population within 24 hours after surgery,
with a peak observed on day three (76). Hence, macrophage
subpopulations show distinct dynamics features and exert
different functions facing challenges.

Both histological investigation and intravital microscopy model
reveal that abundant macrophages attach to the injury sites of
serosal (18, 76). As follows, it’s possible that the disappeared
peritoneal macrophages contribute to the development of cell
aggregates on the injury sites. In addition, inflammatory stimuli
such as the bacillus Calmette-Guerin vaccine, Escherichia coli (E.
coli), LPS, zymosan, thioglycolate or Trypanosoma cruzi have also
been confirmed to result in MDR (14, 79, 80). However, the
mechanisms underlying MDR exhibit heterogeneity across
experimental models. Depleted macrophage populations primarily
undergo three distinct fate pathways: (1) formation of multicellular
aggregates adherent to mesothelial surfaces, (2) migration to
omental milky spots, or (3) pyroptosis-mediated programmed cell
death (18, 47, 81). What’s more, many studies have revealed that
MDR performs a crucial role in tissue repair and protecting the
peritoneal cavity from pathogen infections, sterile injuries, and
foreign bodies. Following, we will discuss the dynamic features
and the role of activated macrophages under invasion by diverse
stimuli (Figure 1).

3.2 Macrophage aggregates after serosal
injury

In a delayed-type hypersensitivity mouse model (78), MDR occurs
promptly within 6 h after the injection of tuberculin, and almost all
macrophages disappear from the peritoneal lavages by forming
aggregates and attaching to the mesothelium (82). Interestingly,
LPMs return to the peritoneal fluid 24~48 hours after the initiation
of MDR due to the detachment and scattering of the aggregates.
Recent studies have replicated this phenomenon in an abdominal
sepsis model based on intraperitoneally injection of a nonlethal dose of
E. coli (14). Whole-mount immunofluorescence and confocal
microscopy are used to visualize the peritoneal wall, revealing that
dense macrophage multilayered cellular structures ranging from small
to large on the inner face of the peritoneal wall. The formation of this
mesothelium bound aggregates is driven by LPMs rather than B1 cells
or neutrophils, although these cells make up to 50% of the aggregates,
and the absence of Bl cells and neutrophils don’t prevent the
formation of macrophage aggregates. Moreover, lymphoid cells, B2
cells, eosinophils, monocyte-derived cells and mast cells are also
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present in the aggregates (14). In addition, LPMs enriched millimeter-
sized aggregates are found in peritoneal lavages 3-5 hours after
intraperitoneally injection of zymosan. These free-floating aggregates
also contain abundant neutrophils with a obviously low presence of B
cells. Of note, In CCR2”" mice, a well-developed fibrin network still
presents in the macrophage aggregates 4 days after E.coli infection, but
in WT mice, the fibrin network is clearly degraded (14). Thus, in the
late stages of inflammation, monocytes play a critical role in degrading
the fibrin network, scattering the aggregates and inflammation
resolution. In summary, we suggest that LPMs play a crucial role in
monitoring the invasion of stimuli, rapidly reacting to injury stimuli
and maintaining the homeostasis of the peritoneal cavity while
monocytes possess the ability to promote the dissolution of fibrin
clots during the dissipation of inflammation.

Macrophage aggregates play a critical role in entrapping
microbes or toxic particles that invade the peritoneal cavity. In
the zymosan-induced MDR model, peritoneal macrophages
encompass almost all zymosan particles and phagocytose a small
part of zymosan particles, but more zymosan particles are not
engulfed. In comparison, in the E. coli-induced MDR model,
numerous macrophages engulf the bacteria, and no bacteria
presents outside of the macrophages (14). Interestingly, these
LPMs containing bacteria are mainly located in the central area
of the aggregates and surrounded by immune cells not containing
bacteria. Blocking the formation of macrophage aggregates with
heparin after E. coli injection led to a sharp increase in the number
of colonies forming unit accompanied by a dramatic decrease in
survival. Similar results are also observed in mice treated with
clodronate-loaded liposomes (21, 83). In addition, applying hirudin
or knocking out TIn1 alone has a weaker effect on the clearance of
bacteria, but the combination of the two interventions has an
impact similar to that of treatment with clodronate-loaded
liposomes. Thus, the macrophage aggregates are crucial for
encompassing zymosan particles and ingesting, digesting, and
eliminating bacteria. On the contrary, some studies reveal that
Staphylococcus aureus can infect LPMs and serve them as an
intracellular reservoir for survival and reproduction, eventually
leading to LPMs death (84). Furthermore, LPMs help S.aureus to
delay the neutrophilic response and allow its dissemination. While
SPMs and neutrophils are the real killers of S. aureus. This suggests
that macrophages are not able to defend all kinds of pathogens, and
different immune cells are needed for different pathogens.

Although macrophage aggregates play a pivotal role in restricting
the dissemination of pathogens, they may also lead to adhesions
formation upon peritoneal infection. Two outcomes are associated
with the degree of infections and immune responses. If all pathogens
can be rapidly killed and effectively controlled, these aggregates will
cease to expand or even resolve. But if pathogens aren’t effectively
limited, macrophage aggregates will continuously develop to form
super-aggregates, which serve as a physical scaffold of peritoneal
adhesion. Interestingly, CCR2" monocyte-derived cells are crucial for
extracellular fibrinolysis via the integral membrane receptor Plg-
RKT, which modulate the activation of plasminogen. In CCR2™"
mice, the disruption of macrophage aggregates is significantly
hindered. Furthermore, a study confirmed that CCR2" monocyte-
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derived cells play a protect role in surgery-induced adhesions (38).
Thus, both LPMs and monocyte-derived cells play an important role
in adhesion formation. Subsequently, monolayer mesothelial will
gradually cover the super-aggregates and then collagen deposition
reinforces the adhesion (55). The mechanisms of adhesion in
peritoneal sterile injuries is resemble in peritoneal infection which
is further reviewed in the following.

3.3 Macrophage pyroptosis after serosal
injury

Pyroptosis, an innate immune response, is a form of programmed
necrosis accompanied by the release of cellular contents and
cytokines that results in strong inflammatory responses. Pyroptosis
serves as a crucial natural immune defense mechanism that
specifically combats infections and addresses endogenous danger
signals (85). A nonlethal dose E.coli can result in ~40% LPMs
pyroptosis (14, 86, 87). However, the pyroptosis is not due to the
ingestion of bacteria, rather, it’s executed by gasdermin D which is
cleaved by inflammatory caspases., such as caspase-1, -4, -5 and -11
(88-91). FACS analysis confirms that the number of dead LPMs in
the early stage of E. coli infection is significantly restored by
proliferation of residual macrophages (14). Moreover, in order to
track the fate trajectory of monocytes, a team constructs monocyte
fate-mapping models based on the history of Ms4a3 expression. Then
they reveal that no monocytes-derived macrophage (moMac)
replaces LPMs in the LPS-induced peritonitis model. In contrast, in
the thioglycolate-induced or clodronate-induced peritonitis model,
LPMs dramatically decreases and then replaced by moMacs (92).
Thus, it’s possible that the degree of LPMs decline is the main factor
that determines the ability of moMacs to replace LPMs. For instance,
low-dose zymosan-induced MDR is limited and transient, while
high-dose zymosan causes most LPMs abolition. The former
restore the population of LPMs via proliferation of residual LPMs,
but the latter needs moMacs to replenish (93). In fact, it’s the
availability of tissue-special niches decides whether moMacs
develop into LPMs or not (94, 95). Hence, If LPMs are just
activated by inflammatory stimuli, they will detach from the
mesothelium and return to the peritoneal niches in the end stage of
inflammation. If a part of LPMs pyroptosis, residual LPMs will show
strong proliferation ability. In the end, only most LPMs death,
moMacs can get chances to enter the niches and develop into LPMs.

3.4 Migration to the omentum

The disappeared macrophages also migrate into omental milky
spots via discontinuities in the mesothelium (14, 27, 80). LPMs with
peritoneal antigens that migrate into the omentum can induce a
further immune response (27). Recent studies have confirmed that
the migration of LPMs to the omentum is indispensable for the
recruitment of B cells, T cells, monocytes and neutrophils to
omental milky spots after E. coli infection. Furthermore, depleting
macrophages with clodronate impaired the development of milky
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spots, as evidenced by the smaller size of these spots and the
decreased weight of the omentum compared to those of the
control mice (14). Hence, macrophages migrating into milky
spots is an important immune response for the defense against
pathogens invasion. According to reports, many factors such as
zymosan, LPS and E. coli can trigger this kind of migration.
Interestingly, more macrophages engage in the macrophage
aggregates, while less macrophages migrate to the milky spots in
the zymosan mouse model. In addition, blocking Tlnl obviously
inhibits this reaction (21, 80). Likewise, anticoagulation drugs, such
as heparin and hirudin can also alleviating this response in the
mouse model of LPS or E. coli intraperitoneally injection (47).
However, compared with hirudin, heparin presents a more
significant suppress effect (96). Some studies have argued that
low-dose zymosan is not able to induce macrophages migration
to the omentum. It’s possible that low level of inflammation maybe
insufficient to induce ample LPMs leave niches to omentum to
recruit more immune cells.

10.3389/fimmu.2025.1601642

To summarize, LPMs are the first sensors in peritoneal injuries.
They recognize the serosal injury and respond rapidly, and MDR is
the classic response pattern which initiates elimination of pathogens
and promotes tissue repair. However, MDR is a very complicated
process involving interactions among the coagulation pathway, the
migration of LPMs, the replenishment of the LPM pool and the
immune response. It plays an essential role in protecting the
peritoneal cavity from inflammatory stimuli by promoting the
formation of mesothelium-bound, fibrin-dependent aggregates
and the development of milky spots. Reactions similar to those
for MDR bacteria may also occur in other cavities. The mechanisms
underlying MDR need to be explored further

In summary, LPMs serve as primary sentinels for peritoneal
injury, rapidly detecting serosal damage and initiating responses.
The MDR represents a classic defensive pattern that facilitates
pathogen clearance and tissue repair initiation. This complex
process involves coordinated interactions between multiple
systems: (1) coagulation cascades, (2) LPM migration dynamics,
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Integrated model of macrophage disappearance reaction (MDR) and the replacement of LPMs in inflammation. (A—-C) In different MDR models, the
mechanisms are not consistent and the disappearing LPMs mainly migrate into the omental milky spots, or pyroptosis, or form multicellular
aggregates bound to the mesothelium lining the peritoneal wall and the peritoneal organs. (A) Macrophages that capture or engulf peritoneal
antigens migrate into the omental milky spots and secret chemokine, such as CXCL13, to recruit T cells, monocytes and other immune cells. (B)

E. coli infection induces LPMs pyrotosis regardless of the ingestion of bacteria. (C) The multilayered cellular structure is composed of LPMs, B1 cells,
neutrophils, eosinophils, monocyte-derived cells (moCs) etc. and shields the injury mesothelium. (D, F) Inflammation response leads to LPMs death,
creating niche availability, which is related to the severity of inflammation. (D) In mild inflammation without significantly affecting the niche, the
remaining LPMs occupy the available niche via proliferation. (F) Severe inflammation leads to the disappearance of LPMs, the niche will be eventually
filled with monocyte-derived LPMs (molLPMs). (E) In the peritoneal cavity of adult mice, the LPMs is made up of cells from two different origins,
embryonic LPMs and moLPMs. Embryonic LPMs are progressively displaced by moLPMs with age. (By Figdraw.).

Frontiers in Immunology

10

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1601642
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liu et al.

(3) LPM pool replenishment mechanisms, and (4) innate immune
activation. Through fibrin-dependent aggregates formation at
mesothelial surfaces and milky spot development, MDR provides
crucial peritoneal protection against inflammatory insults. Notably,
analogous reactions may occur in other serosal cavities beyond the
peritoneum. Further investigation is required to fully elucidate the
molecular mechanisms governing MDR (Figure 2).

4 Macrophage aggregates regulate
serosal repair

The coelomic cavity of sea urchins harbors abundant immune
cells, called coelomocytes (97). These cells have the functions of
both platelets and phagocytes so that they are indispensable for the
clearance of pathogens and wound healing. By forming aggregates,
they provide a physical barrier to avoid potential leakage after injury
to the coelomic cavity (98-100). In mammals, LPMs play a pivotal
role in establishing the first line of immunity within the peritoneal
cavity, similar to the primitive defense mechanisms maintained by
various populations of coelomocytes present in the coelomic cavity
of invertebrates. Likewise, LPMs have the functions of phagocyte
and extravascular platelet. Therefore, LPMs are crucial for
maintaining the integrity of the peritoneal cavity, eliminating
pathogens and promoting tissue repair.

The forming of macrophage aggregates on the serosal injury site
is important for the injury repair, affecting whether the injury is
completely healed and the extent of peritoneal adhesion formation.
The process is quick and involves in many engagements. To begin
with, injured tissue release DAMPs, such as ATP, which activates
free LPMs. Then, LPMs attach to the wound bed and undergo a
morphological change within few seconds. Subsequently, more
LPMs attach to these already-attached macrophages via class A
scavenger receptors, such as MSR1 and MARCO. Meanwhile, other
recruited immune cells also contribute to the formation of
multicellular structure. Then, monolayer mesothelial will
gradually cover the super-aggregates and abundant fibrins
deposition reinforces the structure. Eventually, there are two
different repair outcomes: complete restoration or fibrotic scar
formation (18). Studies reveal that two outcomes are mainly
associated with the range and degree of injury. In summary,
LPMs mainly provide an emergency repair that physically seals
potential leaks by forming aggregates reminiscent of platelet
aggregation and the number of attached cells is closely relative to
sterile injury size.

4.1 Focal mesothelium injury

Macrophages can seal the microlesions to prevent the initiation
of inflammation. Studies has revealed that Prior activated
inflammatory neutrophils can release abundant secondary
mediators, such as LTB4, resulting in the swarming behavior of
neutrophils, which not only increases the extent of injury, leading to
severe local collateral tissue injury but also degrades collagen fibers,
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leading to the breakdown of coagulated tissue (101-103). Previous
studies have confirmed that resident tissue macrophages can cloak
microlesions to avoid terminal inflammatory activation of
endogenous neutrophils or the presence of neutrophil swarming
(101). In addition, the macrophages involved in the formation of
cloaking undergo a morphological shift and protrude multiple
pseudopods. Therefore, the mechanisms underlying cloaking
involve not only the physical protection of damaged tissue but
also the process of phagocytosis to eliminate DAMPs (101). Indeed,
cloaking plays a crucial role in promoting microlesion repair in a
noninflammatory manner.

A focal thermal injury on the mice abdominal wall is indued by
using a multiphoton. Upon injury, a few macrophages rapidly
attach to the wound area within seconds. Of note, these attached
macrophages undergo a morphological change from a round
appearance to an elongated epithelioid phenotype. This
morphological shift enhances the adhesion ability of macrophages
to protect them from detaching under high fluid shear stress, similar
to an anchor, and increases the area covered by macrophages to
protect the wound, similar to the cloaking. Then, more
macrophages directly tether to these already-attached
macrophages to form tight aggregates, similar to platelet
aggregation and thrombus formation. However, the development
of cell aggregates is not infinite and stabilized by 15 minutes after
injury. It’s possible that cell aggregates perfectly seal the injury site
so the inflammation response is not initiated, or there is a regulating
mechanism to control the growth of cell aggregates. Up to now, the
mechanisms underlying the development ending of cell aggregates
are still unclear. Experiments have revealed that cell aggregates are
completely composed of LPMs in the early stage, despite the
peritoneal cavity harbors diverse immune cells. Moreover,
Inhibition of platelets or neutrophils also had no significant effect
on the recruitment of LPMs. Additionally, the recruitment of LPMs
is totally passive and depends on the fluid shear flow.

There is no evident chemotactic response detected at any stage
of the recruitment procedure. In addition, LPMs express a variety of
canonical adhesion molecules, such as integrins (CD29 and CD18),
selectins (P- and L-selectin), and immunoglobulin-like adhesion
molecules (Icam2 and CRIg), but blocking these molecules does not
impair the formation of macrophage aggregates (18, 104).
Anticoagulation drugs, such as hirudin and argatroban, only
partly alleviate LPMs aggregation, while heparin, a large
polyanion, has an obvious effect. On the contrary, by means of
polyinosine acid [poly(I)] to block MSR1 and MARCO which are
capable of binding to various polyanionic ligands, the size of
macrophage aggregates is significantly decreased (18, 105).
Notably, poly(I) specifically influences the second tether of LPMs
binding to macrophages that are already adhered to the injured
serosal tissue, without disrupting the initial recognition or adhesion
to the site of injury (18). In vitro, experiments confirmed that ATP
and Ca®" are able to accelerate LPM aggregation because ATP
promotes the migration of MSR1 and MARCO from the
intracellular fluid to the membrane and Ca®' are necessary for
coagulation response by activating coagulation factors. Suppressing
the aggregation of LPMs with poly (I) shows a prolonged healing of
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the focal thermal injury by 3 days after injury, which should be
complete restoration in normal situation, suggesting that
macrophage aggregates are necessary for tissue repair.

4.2 Restricted mesothelium injury

The size of macrophage aggregates attached to the injury site is
closely relative to the extent of damage. In order to image the
peritoneal macrophages, a team implant a chronic imaging window
on the mouse peritoneal wall. Meanwhile, this operation also creates
a severe injury, leading to the activation and aggregation of LPMs in
distinct places, such as the window surface, mesothelium or just
free-floating in the peritoneal fluid. Then, these cell aggregates
merges with each other to form super-aggregates. Of note, the
development of cell aggregates induced by severe injury is
uncontrollable. Subsequently, super-aggregates continuously
merge to form bridges, linking the imaging window and visceral
organs, such as the intestine, omentum, or liver, and these bridges
will be gradually covered with mesothelium in 3 days (18).
Simultaneously, kinds of stromal cell such as fibroblasts, stem
cells, infiltrate into bridges and secret excessive ECM components
after 7 days, marking adhesion formation. The peritoneal button
model is a kind of stable peritoneal adhesion formation model. In
this model, the size of macrophage aggregates significantly reduce
via blocking scavenger receptors with poly(I), and the number and
range of adhesions also significantly decrease within 7 days after
injury (18, 106). Furthermore, using clodronate liposomes to
completely ablate peritoneal macrophages shows a more
significant effect in alleviating PAs (18). What's more, depleting
neutrophils has no effect on the formation of PAs. Due to the time
point of estimating PA is 7 days after operation, no significant
extension of healing is observed.

Collectively, compared to focal thermal injury, restricted
mesothelium injures, such as a laparotomy or foreign body
implantation, results in excessive LPMs attached to the wound
bed and then forming super-aggregate which gradually develops
into PAs. Inhibition the formation of super-aggregates via blocking
the MSR1 and MARCO, or depleting LPMs, gets a significant effect
on alleviating the degree of PAs. We maintain that an iatrogenic
procedure results in a broader spectrum of injuries compared to
focal injuries, and that LPMs are insufficiently to cover all of these
injuries promptly, leading to LPMs overreaction. Meanwhile, there
is an absence of effective regulatory mechanism to prevent the
undue accumulation of LPMs. As follows, targeting macrophage is
potential therapies for preventing PAs.

4.3 Extensive mesothelium injury

Extensive mesothelium injury leads to adhesion formation.
Under the steady state, there are about 1.73x10° LPMs in the
peritoneal fluid of mice (21). Therefore, if the extent of the injury is
excessive, there will be not enough number of LPMs to provide
adequate coverage for injury area. Some studies have confirmed that
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the development of PAs results from the inadequacy macrophage
barrier to sufficiently cover all exposed fibrin clots, though the
injury area is only covered by a monolayer of LPMs (76). Moreover,
Immunofluorescence images show that few LPMs present at the site
of adhesion formation while no adhesion forms in areas adequately
covered by macrophages. Enhancing macrophage barriers with IL-4
was able to alleviate adhesion, but depleting LPMs with clodronate
liposomes or inhibiting the binding between LPMs and fibrin clots
with a CD11b blocking antibody significantly promoted the
formation of peritoneal adhesion (76). In addition, they reveal
that monocytes-derived macrophages are not capable of forming
an anti-PAs cell barrier (76) In summary, the number of LPMs is
limited, so if the area of injury is too large, the number of LPMs will
be not enough to perfectly cover the injury. In this situation,
increasing the number of LPMs is an effective way to avoid the
formation of adhesions.

In conclusion, the migration of LPMs and the formation of
macrophage aggregates appear to be indispensable steps in the
process of peritoneal tissue repair. The roles of LPMs in sterile
peritoneal injury repair are diverse and depend on the severity of
the injury. They can promote the formation of adhesions in severe
injury and can also protect focal damaged tissue from further injury
by shielding exposed fibrin clots to inhibit neutrophil swarming. It
is possible that mammals have evolved a mechanism for repairing
focal injuries, but severe injuries, such as abdominal surgery, are
beyond the repair ability of this mechanism and eventually lead to
scar repair.

4.4 Cavity parenchymal organs injury

The behaviors of LPMs are not consistent among the different
injury sites. Using a heated thermal probe to induce liver capsular
injury, the intact mesothelium was destroyed, and intravital
microscopy model imaging over long periods showed that Kupffer
cells did not move into the injury sites through the vasculature (107).
In contrast, LPMs directly migrated to the injury sites from the
peritoneal cavity and adhered to the apex of necrotic cells within 1
hour after injury (83). However, immunofluorescence staining reveals
that LPMs don’t appear inside the injury site. Interestingly, in the
CCly-induced acute hepatotoxicity model, a large number of LPMs
invade the liver, and some even reach a depth of 500 um. LPMs are
localized to sterile injury sites in the liver and rely on various DAMPs,
including ATP released by necrotic cells and the P2X7 receptor for
activating LPMs; subsequently, CD44 binds to the hyaluronan
present in the injured areas. Pretreatment with apyrase, an ATP
receptor antagonist, hyaluronidase, or an anti-CD44 antibody
significantly decrease the number of LPMs recruited to the injury
site. Blocking integrins (CD29 and CD18) has no effect on the
recruitment of LPMs to liver injury sites (32, 108, 109), which is
consistent with the recruitment of LPMs to peritoneal wall injury
sites. Interestingly, the proliferation of activated LPMs at the injured
site increase, and these activated cells rapidly upregulate the
expression of markers of alternatively activated/repaired
phenotypes, such as CD273, CD206, and arginase 1, suggesting that
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LPMs play a crucial role in promoting injury repair (56, 83, 110).
Intravital microscopy model revealed that LPMs are able to engulf
and disassemble necrotic DNA and promote revascularization in the
area of injury. Depleting LPMs with clodronate-loaded liposomes
significantly delays tissue repair. The same phenomenon is also
observed in Gata6-deficient mice (83). Using a heated thermal
probe to induce a focal necrotic lesion on the colon of CX3CR1%™
*CCR2®P* mice, intravital microscopy model shows that abundant
LPMs aggregated in the center of the necrotic lesion, surrounded by
CCR2" monocytes. Pretreatment with clodronate-loaded liposomes
increased the clearance of necrotic cells and intestinal tissue repair. In
a dextran sodium sulfate induced colitis model, the depletion of LPMs
resulted in more severe colitis activity and weight loss (74). Some have
argued that treatment with clodronate-loaded liposomes also depletes
monocyte-derived macrophages, so the contribution of these cells to
tissue repair cannot be excluded (63, 111).

However, a recent report has cast doubt on the opinion that
LPMs migrated into the damaged tissue and played a crucial role in
tissue repair (112). They have developed a genetic fate-mapping
system, which is used for the construction of the G6Mo-CreER
mouse to allow for permanent, efficient and specific lineage tracing

a.Focal mesothelium injury
CD44

Scavenger
Teceptor

Activated fibroblast

c.Extensive mesothelium injury

FIGURE 3
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of endogenous LPMs. Treating mice with CCl, or acetaminophen to
induce liver injury reveals that liver parenchymal tissue present a
more significant fibrotic response in the G6Mg-CreER; R26-
tdTomato group than in the sham group, but no obvious
accumulation of LPMs is observed (83, 112). In the liver
cryoinjury model of G6Mg-CreER;R26-tdTomato mice, severe
fibrin deposition is observed at the injury sites. In contrast, in the
heated thermos probe-induced liver injury model in G6Mg-CreER;
R26-tdTomato mice, thicker layers of the mesothelium cover the
injured liver regions. Thus, LPMs do not invade deep into the liver
for its repair. Although many LPMs aggregate at the injury site, they
are mainly on the surface of the thickened mesothelium, and few of
them invades deep into the liver parenchymal tissue (112).
Additionally, resident macrophages in the pleural cavity
minimally invade the lung to repair injured lung tissue. Current
experimental evidence demonstrates that neither clodronate
liposome-mediated depletion of LPMs nor genetic ablation of
GATAG6 significantly impairs visceral organ repair processes.
These findings suggest the need for further investigation to
definitively establish whether LPMs contribute substantially to
peritoneal tissue regeneration (Figure 3).

d.Regeneration

e.PA formation

Integrated model of LPM and mesothelium injury. (@) LPMs aggregate at sites of mesothelial injury to maintain mesothelial integrity within few
minutes. ATP activate LPMs through P2X7 receptors. Class A scavenger receptors-MSR1 and MARCO, mediate LPMs attach to those already-
attached macrophages. (b) In response to more severe but limited mesothelium injury, LPMs form super-aggregates which often develops into
peritoneal adhesion. (c) If the area of injury mesothelium is too large, LMPs will be not insufficient to cover the damage and exposed fibrin clots will
result in persistent inflammatory response, fibrin deposition, and fibroblast activation—culminating in excessive ECM accumulation and PAs
formation. (d) Focal mesothelium injury is repaired through regeneration. (e) Limited and extensive mesothelium injury lead to uncontrolled
inflammation response and ECM deposition. Activated mesothelial cells show strong proliferation and migration abilities and eventually finish the

mesothelialization of the adhesion tissue. (By Biorender.).
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5 Peritoneal macrophages coordinate
the coagulation, inflammation, fibrosis
and fibrinolysis, and MMT in PA
formation

The formation of PAs involves a complex interplay of
inflammatory cascades, coagulation activation, fibrotic deposition,
and impaired fibrinolysis. Accumulating evidence demonstrates that
distinct subsets of peritoneal macrophages critically orchestrate both
tissue repair processes and pathological adhesion development
through multiple regulatory mechanisms. As primary sentinel cells,
LPMs rapidly detect tissue injury and initiate protective responses.
Through controlled aggregation, LPMs form temporary physical
barriers that limit excessive inflammation; however, persistent
aggregates may instead facilitate adhesion development. Notably,
peritoneal macrophages constitutively secrete coagulation factors
(e.g., factor V, VII) during homeostasis, maintaining a poised state
for rapid hemostatic activation and emergency tissue repair.
Macrophages demonstrate potent phagocytic capacity, enabling
efficient clearance of pathogens and necrotic debris during acute
inflammation while simultaneously releasing immunomodulatory
cytokines to coordinate host defense. Notably, their ability to engulf
apoptotic immune cells (e.g., neutrophils) through efferocytosis plays a
critical role in promoting inflammation resolution and tissue repair.
Macrophage subsets exhibit functional plasticity in fibrosis regulation,
with distinct populations demonstrating either anti-fibrotic or pro-
fibrotic activities. Particularly, macrophage-derived TGF-P serves as a
pivotal mediator that both activates collagen-producing fibroblasts
and induces MMT, ultimately driving ECM deposition. In the
following discussion, we will systematically examine the dual roles
of macrophages in postoperative adhesion pathogenesis, focusing on
their regulation of fibrotic processes.

5.1 The regulation of coagulation response
by peritoneal macrophages

Emerging research has established peritoneal macrophages as
the important cellular source of coagulation factors within the
peritoneal cavity. Gene array analysis shows that LPMs
constitutively express high levels of coagulation factor V (FV;
F5) in the steady state (50, 108, 113). Using F5”"; AIbF5Tg mice - a
genetic model where FV expression is restricted to hepatocytes
(via albumin promoter) while absent in all extrahepatic tissues
including LPMs - a team observed a 75% reduction in peritoneal
fluid FV activity compared to wild-type controls. Besides, LPMs
also express the coagulation factors FVII (F7) and FX (F10) (21,
23, 114). This contrasts with systemic circulation, where
hepatocytes serve as the primary producers of clotting factors
that are largely excluded from the peritoneal space by the
mesothelial barrier’s selective permeability. In fact, the
coagulation pathway is one of the most highly enriched
pathways in LPMs (49). Interestingly, resting LPMs don’t
express the F3 gene, but activated LPMs rapidly upregulated it
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(21). What’s more, LPS stimuli, but not E.coli infection, could also
upregulate the expression of the TF gene in LPMs (14, 115).

Early studies demonstrate that the coagulation pathway plays a
crucial role in the process of MDR, and the administration of the
anticoagulant drugs, such as heparin, hirudin or warfarin suppress
MDR in different extensions (78, 116). The dynamics flow of
peritoneal macrophages is controlled by the coagulation
responses, and fibrinogen staining of LPM aggregates shows that
a fibrin network is present between cells. Of note, heparin has both
anticoagulation and antiadhesion effects, while hirudin is a very
selective thrombin inhibitor that can inhibit the production of fibrin
but has no effect on the functions of LPMs (14). However, heparin
and hirudin have the same effect on suppressing MDR caused by
E.coli injection. And the formation of mesothelium-bound
macrophage aggregates is fibrin dependent (14). Besides, the
number of LPMs retrieved from peritoneal lavages is comparable
in mice treated with hirudin or heparin at 4 hours after E.coli
infection (14). However, in the zymosan-induced MDR model,
MDR is completely suppressed by heparin but only partially
suppressed by hirudin (21). This difference may be caused by the
different mechanisms of MDR due to the difference between
pathogens and sterile stimuli.

Loss of the integrin activation adaptor talin-1 (TIn1) expression in
LPMs of Lyz2°"*TIn1"" mice partially suppresses MDR after zymosan
injection, and the effect similar to hirudin. But the combination of
knockout TIn1 and hirudin can fully reverse MDR, just like heparin
(21). Tnll is involved in the adherence of LPMs rather than the
coagulation process. Therefore, the formation of free-floating
macrophage aggregates depends on both fibrin and coagulation. In
addition, tissue factor (TF; FIII; F3) initiates the extrinsic coagulation
cascade. And MDR is partially suppressed after zymosan injection in
LyzzcreFS»ﬂ/ T mice (21, 117, 118). Moreover, zymosan-induced MDR
in F57AIbF5Tg mice is also partially suppressed to a similar level to
that in WT mice treated with hirudin (21). Collectively, these findings
establish LPMs as critical regulators of local coagulation cascades
within the peritoneal cavity, and coagulation activation plays an
indispensable role in MDR, contributing to both pathogen
containment and tissue repair initiation.

5.2 The regulation of inflammation by
peritoneal macrophages

Based on the way of activation, macrophages are traditionally
divided into M1/M2 macrophages. M2 macrophages can be further
classified into four subsets: M2a, M2b, M2c, and M2d (119, 120).
MI-like macrophages are classically activated, pro-inflammatory
macrophages with the expression of high levels of CD80, CD86,
iNOS (121). M2-like macrophages are alternatively activated, anti-
inflammatory macrophages with the expression of high levels of
CD163, CD206, Argl, FIZZ1, and YM1. Of note, M2b macrophages
possess pro-inflammatory properties at the same time (122). The
polarization of macrophages in the injured area is an important
factor affecting the formation of peritoneal adhesion. Previous
studies revealed that the counteraction inflammation by diverting
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MIl-like macrophages towards M2-like attenuates postoperative
adhesion formation. The polarization of macrophages toward an
M2-like phenotype has emerged as a key therapeutic strategy in
preventing postoperative adhesions, with multiple novel treatments
demonstrating efficacy through this mechanism.

Peritoneal macrophages contain diverse subgroups with distinct
expression profiles, origins and functions. The inflammation is
mainly driven by circulating monocyte-derived macrophages
which are capable of producing high levels of proinflammatory
cytokines and chemokines.” In response to PAMPs and DAMPs,
peritoneal macrophages quickly initiate inflammatory responses.
Activated macrophages secret ample chemokines and cytokines,
such as TNF-o, IL-6, IL-12, CCL5, CXCL9, CXCL10 and IL-1j,
which are effective to recruit and activate monocytes and
leukocytes, such as T cells and B cells to the site of injury. They
also perform the function of antigen presentation to help activate
adaptive immunity (122, 123).

On the contrary, embryonically derived macrophages
prominently play a vital role in attenuating inflammation by
producing anti-inflammatory factors such as IL-10 and TGEF-f,
phagocytosing dead cells, inhibiting leukocyte recruitment through
the secretion of matrix metalloproteinases, and promoting tissue
repair by producing growth factors and remodeling ECM (123,
124). In addition, macrophages can regulate the function and
abundance of specific T cell subsets to attenuate inflammatory
responses (125). Of note, the lungs contain a CD169" interstitial
macrophage subset which is a major source of IL-10 when infect
influenza A virus or bacterial (126).

Macrophages are central players and active participants in all
stages of the inflammatory process. However, the molecular
mechanisms underlying their ‘switch’ from proinflammatory to
anti-inflammatory phenotypes in different conditions are still
obscure. Targeting the key molecules of regulating macrophages
phenotypes may be potential therapeutics.

5.3 The regulation of fibrosis and
fibrinolysis by peritoneal macrophages

The key characteristic of fibrosis is that fibroblasts secret
abundant ECM components such as fibronectin, collage and
laminins. In fact, fibrosis is an important and normal phase of
tissue repair. However, the endings of fibrosis are diversity and
closely relative with the extension of tissue injury. In general, minor
injury results in the transient accumulation of ECM, while severe
injury results in the continuous accumulation of ECM. As follows,
minor injury acquires the perfect restoration and severe injury leads
to the formation of scarring tissue which influences the normal
architecture and function of organs (127). Studies shows that tissue
resident macrophages are one of the key regulators of fibrosis and
involved in multiple phases of tissue repair.

Recent studies confirm that diverse macrophage subsets with
different transcriptional program play an anti-fibrotic or profibrotic
role in tissue repair (104, 128). Across distinct organs, such as lung,
heart, fat and dermis, there are two conserved and independent
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macrophage subsets, called interstitial macrophage populations,
exhibiting distinct the transcriptional program and phenotypes:
Lyvel ®MHC-II"'CX3CR1" (Lyvel®MHC-II") and Lyvel™MHC-
II'°CX3CR1% (LyvelhiMHC—IIIO) (42). Both two macrophage
subsets arise from Ly6C" monocytes while they locate in the
distinct tissue-special niches. Lyvel®MHC-II"" subpopulations
adjacent to nerve bundles and endings possess superior antigen-
presentation capacities, but Lyvel™MHC-II'® subpopulations adjacent
to blood vessels mainly contribute to the wounding and tissue repair
(42). Then, using the mouse model of inducible macrophage
depletion to acutely deplete Lyvel™ MHC-II macrophage subset,
the team found that the lung and heart fibrosis is obviously
exacerbated in the mouse model of bleomycin-induced fibrosis.
Therefore, the Lyvel™MHC-II' tissue resident macrophages play a
vital role in anti-fibrosis and tissue repair. Meanwhile, some studies
have confirmed that embryonically derived cavity macrophages are
key regulators of fibrosis. Gata6" cavity macrophages in the
peritoneal, pleural and pericardial cavity fluid possess the same
embryological origin and share a similar transcriptional profile.
Pervious work revealed that LPMs directly migrate to the injury
liver and promote tissue repair by forming a shield on the injury sites
(83). Recent studies demonstrated that in the mouse model of
myocardial infarction, Gata6™ pericardial cavity macrophages also
quickly invade the epicardium where they lost Gata6 expression.
What's more, depleting this macrophage subpopulation results in
more severe heart fibrosis (104). Therefore, Gata6™ cavity
macrophages possess anti-fibrotic properties and cardioprotective
functions. On the contrary, by using a novel computational
framework, a team revealed a disease-associated, monocyte-derived
macrophage subgroup: CX3CR1"SiglecF" transitional macrophages.
They localized to the fibrotic niche, possessed a transitional gene
expression profile intermediate between monocyte-derived and
alveolar macrophages and played a role in promoting fibrosis (128).
Overall, macrophages with functional plasticity exert different
functions in homeostasis, immune regulation, and fibrosis. Further
studies need to be done to clarify the spatial-temporal characteristics
of peritoneal macrophages to reveal their core functions after
serosal injury.

5.4 The regulation of MMT by peritoneal
macrophages

One report suggests that the initiation of peritoneal adhesion
relies on the formation of abundant membrane bridges between
mesothelial surfaces (129). Mesothelial cells undergo morphological
transformation via Ca®* release and actin remodeling under the stress
of injury stimuli. These cells produce many cytoskeletal protrusions,
which are able to fuse with each other and transmit cytosolic contents
to healthy mesothelial cells, prompting them to acquire the
pathological phenotype of adhesion (129). Blocking membrane
protrusions with small-molecule inhibitors and blocking antibodies
inhibits the formation of postoperative adhesions. We think that
mesothelial cells undergo morphological transformation to promote
the re-mesothelialization of damaged tissues, providing a physical
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shield for exposed fibrin clots, similar to LPMs. Furthermore, studies
have confirmed that monocytes-derived macrophages can activate
mesothelial cells via the CX3CL1-CX3CR1 interaction, leading to the
acceleration of peritoneal fibrosis (130). Another study confirmed
that monocytes-derived macrophages can produce EGFR ligands,
such as Hbegf and Areg, to activate EGFR on the surface of
mesothelial cells, leading to collagen deposition and the MMT (23).
Thus, it is possible that LPMs play an important role in reducing the
morphological transformation of mesothelial cells to the injury site by
shielding fibrin clots to alleviate the inflammatory responses and the
recruitment of monocytes.

Fibroblasts are the main source of ECM and a range of
interactions between profibrotic macrophages and fibroblasts
regulate the formation of scaring tissue (131). A recent study
revealed that injury tissue releases ATP and LPS, which lead to
the expression of amphiregulin by alveolar macrophages. Then,
amphiregulin activates the integrin-ay complexes on pericytes and
subsequently the release of bioactive TGF-b which induces pericyte
into myofibroblast differentiation (132). In addition, profibrotic
macrophages are the predominant source of the mitogen Pdgf-aa.
Using the antibody blockade of Pdgf-aa significantly inhibits the
proliferation of 3T3 fibroblasts in the conditional media of
CX3CR17SiglecF" transitional macrophages (128). On the other
hand, fibroblasts can generate collagen deformation fields which are
critical for the initiation and migration of macrophages in fibrillar
collagen matrix (133). Overall, cross-talks between distinct
macrophages subsets and fibroblasts are vital for the regulations
of tissue remodeling and fibrosis (Graphical Abstract).

Taken together, peritoneal macrophages are crucial in every
stage of PA formation relying on their various functions associated
with coagulation, inflammation, fibrosis and fibrinolysis, and MMT,
etc. We suppose that peritoneal macrophages are the core
regulatory center, which regulates the immune system to
eliminate toxic particles and promote tissue repair, but severe
tissue injury leads to their dysfunction. Thus, by controlling the
functions of peritoneal macrophages to restore the balance of
coagulation, inflammation, fibrosis and fibrinolysis, and MMT is
a potential approach for PA prevention.

6 Targeting peritoneal macrophages
prevents the postoperative adhesion
formation

The ideal pattern of anti-PA therapy is to prevent the formation
of adhesions without interrupting wound healing. Mechanically, the
interactions among coagulation responses, inflammation, and
fibrinolysis are prominent factors for the formation of PAs. And
on this basis, different pharmacological strategies have been
assessed for their anti-adhesive properties. Inert polymers, as the
physical barriers, also can be used to prevent or lessen the severity of
post-operative adhesions. Now, functional biomaterials, which are
designed to act as inert barrier loaded by the effective drug, have
attracted great attention in preventing PA. In previous articles, anti-
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adhesion strategies have been reviewed comprehensively and
systematically. In view of the vital roles of peritoneal
macrophages in peritoneal injury and adhesion formation, the
effect mechanism of many anti-PA strategies is related with
peritoneal macrophages, and we summarize the studies on
targeting peritoneal macrophages to prevent adhesions.

6.1 Drugs targeting peritoneal
macrophages

In published literatures, the anti-PA drugs mainly acted on
coagulation, inflammation, fibrinolysis, and related cytokines. Parts
of these drugs exert the function of adhesion inhibition via targeting
peritoneal macrophages.

Heparin, a widely applied anti-coagulation drug, shows a
similar anti-adhesion effect to anti-PA membrane Seprafilm
without affecting wound healing (2). Some studies have confirmed
that heparin could obviously inhibit the formation of macrophage
aggregates at the injury sites and alleviate the MDR (18, 21).
However, high dose heparin has the risk of continuous bleeding
in the wound. Therefore, the primary difficulty in using these
anticoagulant medications for anti-PA lies in finding the right
balance between anticoagulation and hemostasis.

The combination of AMD3100 (plerixafor) and low-dose FK506
(tacrolimus) can significantly reduce the burden of peritoneal
adhesion, while single drug has no effect on avoiding adhesion
formation. Mechanically, the combination treatment dramatically
promotes macrophages M2 polarization and entrainment in the
injury sites. AMD3100 regulate the migration of bone marrow
stem cells via controlling CXCR4 binding with SDF-1. Additionally,
macrophages increase the expression of hepatocyte growth factor
(HGF), which is essential for regeneration, cellular growth, and
movement, while also encouraging CD133" stem cells to migrate
into injured tissues. CD133™ stem cells not only promote wound re-
mesothelialization, but also reduce the inflammatory response.
Eventually, the burden of adhesion obviously reduces with the
combination treatment after intra-abdominal surgery.

HuoXueTongFu Formula (HXTF), a traditional Chinese herbal
formula, consisting of six crude herbs (including radish seed, Batsch,
safflower, Natrii Sulfas, Corydalis yanhusuo, and Rheum officinale
Baill), also has the function of inhibit the formation of adhesion.
HXTF promote M2c macrophage polarization by activating the
MerTK/PI3K/AKT signaling pathway. HXTF treatment leads to
MerTK phosphorylation, which is able to activate the PI3K/Akt
signaling pathway. The MerTK/PI3K/AKT signaling pathway can
significantly enhance the phagocyte of macrophage, hence M2c
macrophages effectively remove the neutrophil extracellular traps
and reduce the inflammation in the injury sites (134, 135).

YC-1, a small molecule prototype inhibitor of hypoxia-inducible
transcription factor (HIF), markedly reduces the development of
postoperative adhesions by dampening HIF-1o induced M1
macrophage polarization, decreasing the recruitment and activation
of peritoneal fibroblasts, alleviating EMT, and potentially promoting
fibrinolysis while hindering angiogenesis (136). R243 was shown to
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decrease the formation of peritoneal adhesions by blocking the
interaction between CCL1 and CCRS8, which also disrupts the
migration of macrophages into the peritoneum (137).

6.2 Physical barrier against macrophages

As the most widely used method in clinical, physical barrier
can simply and effectively shield injury tissues to block the
interconnection of adjacent abnormal tissues and avoid the
adhesion formation. Barrier materials, such as hydrogels,
sponge, electrospinning film, microparticle, casting film
oppose diverse characteristics, mechanisms and suitable
application directions. Among various materials,
injectable hydrogels are applied wider for preventing
adhesion and are suitable for various types of wounds
owing to their high biocompatibility, ease of preparation,
capability to load drugs for controlled release, flexible
nature and effective reduction tissue adhesion (137).
Recent research indicates that multiple kinds of hydrogel
barriers exhibit anti-adhesion properties by regulating
peritoneal macrophages, involving different mechanisms
that contribute to this effect.

6.2.1 Inhibition of macrophages accumulation

Recently, a study designed a self-leveling transient unilateral
adhesive hydrogel: borate-diol complexed methacrylate gellan gum
hydrogel (BMeGG-H), which presented 100% anti-adhesion effective
rate (138). In a standardized intra-abdominal postoperative rat
model, BMeGG-H significantly decreased the total number of F4/
80 macrophages via below mechanisms: 1. GG is a natural
polyanionic polysaccharide with excellent biocompatibility that can
capture primitive macrophages by neutralizing scavenger receptors as
a means of anion trapping (139). 2. The consistent barrier functions
of BMeGG-H promote the repair of intestinal integrity, regulate the
balance of fibrinolysis, and lead to beneficial immune modulation.
The decrease in M1 macrophages resulted in the reduction of
inflammatory responses, while the decrease in M2 macrophages
prevented excessive ECM accumulation (138).

Another hydrogel barrier, termed sHA-ADH/OHA-E, was
constructed with sulfonated HA, ADH, epigallocatechin-3-gallate
(EGCG) and ROS-cleavable boronate bonds (OHA-E). Sulfonic
acid groups equipped the hydrogel with commendable resistance to
fibroblast and macrophage attachment, and it was demonstrated for
the first time that they could serve as a strong polyanion trap to stop
the clumping of free-floating GATA6" macrophages via binding to
scavenger receptors to prevent the formation of macrophage
aggregates in a rat model of sidewall defect-cecum abrasion
(18, 140). Indeed, HA is a widely used polyanionic ligand which
can neutralize scavenger receptors on LPMs and inhibit the
aggregation of them (141). For example, using photocurable
catechol-grafted hyaluronic acid, a team designed a kind of
asymmetric-adhesive hydrogel for minimally invasive surgery to
prevent the formation of postoperative adhesions (141). Similarly, a
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study developed a sprayable, anti-inflammatory adhesion barrier,
called sHAChiF. Its main functional component is also sHA (142).

The CGM hydrogel is constructed with free-radical
polymerization of methacrylate chondroitin sulfate (CS-GMA)
and 2-methacryloyloxyethyl phosphorylcholine (MPC)
monomers. In the rat abdominal adhesion model, CGM hydrogel
is able to significantly reduce the expression of CCL2 and CCR2,
which are essential for the recruitment of moMacs, fibroblasts and
monocytes (143). Hence, immunofluorescence staining shows that
the expression of CD68 and vimentin are greatly reduced.

Using an adhesive layer (HGO) and an antiadhesive layer (CGC)
to construct a Janus asymmetric-adhesive hydrogel patches (HGO-C),
which is able to reduce the number of M1 macrophages and increase
the number of M2 macrophages. Of note, HGO opposes excellent
hemostatic property via facilitating coagulation by abundant negatively
charged natural polysaccharides, exceptional adhesion capabilities and
resistance to burst pressure. On the contrary, a study developed a kind
of hydrogel barrier, called PCHgel, which was composited with
carboxymethyl chitosan (CMCS), low Poloxamer338 (P338) and
heparin. CMCS performs dual functions: it supports the creation of
stable adhesion and simultaneously facilitates the controlled release of
heparin. Heparin is a spectral anticoagulant drug, which has been
confirmed that in the peritoneal mesothelium injury model, heparin
can effectively inhibit the aggregation of peritoneal macrophages.
Immunohistochemical stains shows that PCHgel significantly
ameliorated the aggregation of macrophages at damaged sites, and
heparin contributed to this phenomenon (21, 144).

6.2.2 Regulations of macrophages phenotype

BMeGG-H significantly decreased the expression of P65 and
Smad3 but increased the expression of Smad7 (145). Therefore,
BMeGG-H was pivotal in promoting M2 macrophage polarization,
aiding in wound healing, and decreasing fibrous deposition by
regulating the TNF-0/P65 and TGF-B1/Smad signaling pathways
(138). Similarly, compared with the model groups, PCHgel
significantly decreased the expression of TNF-o. and TGF-fB1.
Furthermore, PCHgel could inhibit P65 protein to block NF-kB
signal pathway, hence effectively alleviating inflammatory responses
and avoiding adhesion formation (144).

Similarly, A team developed a hydrogel barrier, termed AHBC/
PSC, which was synthesized by phenylboronic acid (PBA)-modified
hyaluronic acid (HA), adipic dihydrazide (ADH), PBA-based
chlorogenic acid (CGA), polyvinyl alcohol, sulfated betaine, and
p-hydroxybenzaldehyde. CGA, a natural antioxidant and anti-
inflammatory drug, released by AHBC/PSC, promoted
macrophages to shift from a pro-inflammatory M1 phenotype to
an anti-inflammatory M2 phenotype, lead to decreased production
of pro-inflammatory factors, such as iNOS, TNF-a, IL-6, IL-1p and
enhanced generation of anti-inflammatory factors, such as Argl, IL-
10, CD206, thereby altering the inflammatory landscape in the
abdominal cavity. Furthermore, AHBC/PSC enhanced the
expression of TGF-f3 and decreased that of TGF-B1, leading to a
significantly higher TGF-B3/TGF-p1 ratio, which was advantageous
for preventing fibrosis and reducing its progression. In addition,
AHBC/PSC was able to clear ROS via borate ester bonds (146).

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1601642
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liu et al.

As for sHA-ADH/OHA-E hydrogel barrier, ROS activation
could lead to the deliberate release of EGCG by it to mitigate
oxidative stress and promote the conversion of pro-inflammatory
M1 macrophages into an anti-inflammatory M2 phenotype (140).
The HPE-PVA Hydrogels show similar anti-oxidation and anti-
inflammation properties to sHA-ADH/OHA-E hydrogel barrier
(147). In addition, a zwitterionic polysaccharide-based
multifunctional hydrogel containing the EGCG content, termed
DSHE, is developed to exert anti-oxidation, anti-inflammation,
MMT inhibition functions. The lowest CD86 and the highest
CD206 expression of injury sites confirmed that DSHE barrier
could effectively inhibit M1 phenotype and promote M2 phenotype
via alleviating immune activation and affecting the expression of
related genes (148).

An injectable adhesive-antifouling bifunctional hydrogel (AAB-
hydrogel) also exert the function of preventing the formation of
adhesion via inhibiting M1 macrophages and promoting M2
phenotype via the gallic acid-modified chitosan (GACS) content.
The GACS possesses beneficial antioxidant properties and can

10.3389/fimmu.2025.1601642

significantly diminish the inflammatory response in postoperative
wounds while also modulating macrophage phenotype. Of note,
AAB-hydrogel is able to reducing protein disposition and resisting
bacteria attacking due to good antifouling properties provided by
the zwitterionic groups in the T-hydrogel (149).

In summary, inhibition of macrophage aggregates, down-
regulation of macrophage pro-inflammatory factors and promoting
the transformation of macrophages toward an anti-inflammatory
phenotype, are the most common targets of anti-PA therapy
focusing on macrophages. Current pharmacological and material-
based approaches for preventing PAs demonstrate limited clinical
efficacy and are often associated with adverse effects. While anti-
adhesion barriers (e.g., hyaluronic acid and carboxymethyl cellulose
formulations) can moderately reduce adhesion formation, their
therapeutic potential remains constrained by suboptimal
biocompatibility, unpredictable degradation kinetics, and poor intra-
abdominal retention stability (150, 151). In the future, the new targets
will be available following elucidation of mechanism of macrophages
in the adhesion formation (Table 2).

TABLE 2 Hydrogel barriers against macrophages for PA prevention.

Hydrogels Components Therapeutic effect References
1. Decrease the total number of macrophages, including both M1 and M2 macrophages.
2. Inhibit TNF-0/P65 signaling pathways to alleviate inflammation.
gellan gum (GG); 3. Suppress the TGF-1/Smad3 signaling pathway while activate TGF-B1/Smad7 to
BMeGG-H methacrylic anhydride (MA); ’ PP . 8 &P Y (138)
borate-diol: reduce fibrosis.
orate-dion 4. shift the fibrinolytic balance toward fibrinolysis via reducing the expression of PAI-1
while increasing the expression of t-PA
Sulfonated hyaluronic acid (HA); 1. Release EGCG according to ROS levels to promote M2 phenotype macrophage
adipic dihydrazide (ADH); polarization and scavenge excessive ROS to alleviate oxidative stress
sHA-ADH/ phenylboronic acid (PBA); 2. Imped uncontrolled aggregation of GATA6+ macrophage via neutralizing scavenger (140)
OHA-E epigallocatechin-3-gallate (EGCG); receptors
ROS-cleavable boronate bonds 3. Resist fibrin deposition, fibroblast and macrophage attachment
(OHA-E) 4. Restore fibrinolytic system balance to reduce fibrosis
1. Modulate the phenotype of macrophages from M1 to M2
Dex-derived dextran (Dex-SB); i IMnTbitt L}Te fIl\/IMT [;‘roce;s of ;)er'itonea.l me'sotll;zi;.llcellls . '
. Mitigate inflammation by reducing excessive evels and inhibiting the expression
DSHE hydroxybutyl chitosan (HBC); 8 o 8 8 P (148)
. ) of inflammatory cytokines
epigallocatechin-3-gallate (EGCG) . . .
4. Suppress protein, fibrinogen and collagen adsorption
5. Antibacterial property via inhibiting bacterial adhesion and killing bacteria.
1. Downregulate the expression of CCL2 and CCR2 to reduce the recruitment and
methacrylate chondroitin sulfate (CS- aggregation of macrophages and fibroblasts.
caM GMA); 2. Modulate inflammation by reducing TNF-o and Increasing IL-10 (143)
2-methacryloyloxyethyl 3. Inhibit the release of fibrosis-related cytokines, such as PAI-1, Col I, TGF-BR1 and
phosphorylcholine (MPC) increase the expression of fibrinolysis-related cytokines t-PA, MMP-9
4. Resist protein, erythrocyte and fibrinogen adsorption
photocurable catechol-grafted 1. Promote the transition of M1-to-M2 phase
hyaluronic acid; 2. Induce M2 polarization and promote wound healing
HAD polymer i i X (141)
3,4-dihydroxyphenylalanine (DA); 3. Capture LPMs as a polyanion trap
2-aminoethyl methacrylate (AEMA); = 4. Reduce the release of inflammatory cytokines, such as TNF-o, TGF-B1, and IL-6
tris(hydroxymethyl)aminomethane
(Tris); 1. Convert pro-inflammatory M1 hages to anti-inflammatory M2 h
. Convert pro-inflammato: macrophages to anti-inflammato: macrophages.
modified hyaluronic acid (HT); P v phag . Y phag
. . 2. Reduce the number of M1 macrophages while increase the number of M2
modified gelatin (GT); macrophages
HGO-C oxidized dextran (ODEX); phages. . (154)
. 3. Promote blood vessel formation.
chitosan (CS); . . . .
i 4. Facilitate coagulation cascades for rapid hemostasis.
gelatin (Gel; 5. Inhibit bacterial proliferation
Carboxylated cellulose nanofibers ' P
aqueous dispersion solution (C-CNF)
(Continued)
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TABLE 2 Continued

10.3389/fimmu.2025.1601642

Hydrogels Components Therapeutic effect References
epigallocatechin-3-gallate (EGCG); 1. Inhibit M1 polarization.
hyaluronic acid (HA)-based 2. Hinder erythrocyte, fibroblasts adhesion.
HPE-PVA microgels; 3. Reduce intracellular ROS and pro-inflammatory cytokine secretions, such as iNOS, (147)
poly (vinyl alcohol) (PVA); TNF-ot and IL-1P.
boronic acid 4. Downregulate PAI-1 expressions.
carboxymethyl chitosan (CMCS); 1. Supress macrophages aggregation.A N A -
CaCla: 2. Inhibit the NF-kB signal pathway via restraining the aggregation of p65 protein.
PCHgel 3. Anti-inflammatory effect and inhibition of fibrosis by reducing the expression level of (144)
Poloxamer338 (P338);
Heparin TNF-o. and TGF-pB1. A A ‘
4. Reduce the level of TAFI and increase the level of AT-III to promote fibrinolysis.
1. Promote the polarization of macrophages from proinflammatory M1 phenotype to
phenylboronic acid (PBA)modified anti-inflammatory M2 phenotype.
hyaluronic acid (HA-PBA); 2. Reshape the inflammatory microenvironment by reducing the secretion of pro-
adipic dihydrazide (ADH); inflammatory factors, such as iNOS and increasing the production of anti-
AHBC/PSC PBA-based chlorogenic acid (CGA); inflammatory factors, such as Argl and CD206. (146)
polyvinyl alcohol (PVA); sulfated 3. Reshape the balance of the fibrinolytic system and alleviate the fibrosis process by
betaine (SB); increasing TGF-B3/TGF-p, ratio.
p-hydroxybenzaldehyde (-CHO) 4. Strong scavenging capacity for multiple ROS.
5. Reduce the protein adsorption and fibroblast adhesion.
1. Suppress the polarization of macrophage to M1 phenotype and promote the
gallic acid-modified chitosan (GACS); polarization to the M2 phenotype.
aldehyde-modified dextran (Dex- 2. Modulate inflammation by reducing pro-inflammatory factors, such as the production
AAB-hydrogel CHO); - of IL-1B while elevatAing the secretiAonAof anti-iflf}ammatory fact.ors, such as IF-IO. (149)
aldehyde-modified zwitterionic 3. Improve wound healing by the antioxidant activity and prompting cell adhesion
dextran/carboxymethyl chitosan ability.
(Dex-SB-CHO/CMCS) 4. Prevent bacterial adhesion and inhibit bacterial growth
5. Form antifouling top to avoid adhesion to surrounding tissue.
1. Suppress macrophages aggregation.
sulfated hyaluronic acid (sHA); 2. Reduce proinflammatory cytokines, such as IL-1B, TNF-a, IL-6
sHAChiF chitosan (Chi); 3. Modulate M1-M2 macrophage polarization and promote M2 polarization (142)
thermoresponsive pluronic® F127 4. Inhibit the NF-kB signal pathway
5. Disperse the peritoneal macrophages

7 Conclusion remark

Although PAs have been discovered and studied for a century,
most of the mechanisms underlying the formation of adhesions are
still unclear. The prevention and treatment of PAs and related
complications are still major medical problems. Peritoneal
macrophages serve as sentinels of the peritoneal immune system
and are crucial for maintaining peritoneal homeostasis, eliminating
pathogens and repairing damage. With the application of new tracer
techniques and new analysis methods, recent studies have
significantly broadened our knowledge of peritoneal macrophages.
To begin with, peritoneal cavity contains embryo and HSC-derived
multiple macrophage subgroups. Distinct subpopulations possess
distinct renewal modes, phenotypes characteristics and functional
traits which are controlled by the peritoneal local microenvironment.
Besides, LPMs are highly similar to coelomocytes in the coelomic
cavity of invertebrates in many aspects, such as location, function and
behavior. Of note, the clusters of human cavity macrophages are
obviously different from the mouse, so it still remains to be further
explored whether these studies translate directly to humans. Thus,
peritoneal macrophages exist extensively in different species and play
a crucial in the first line of immunity in the peritoneal cavity in
mammals. In conclusion, clarifying the heterogeneity of macrophages
and the mechanisms underlying their role in tissue repair,
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inflammation, coagulation, fibrosis and fibrinolysis are necessary
for understanding their regulations in PAs formation. But it
remains a challenge to precisely regulate the degree of
inflammation, coagulation, fibrosis and fibrinolysis to prevent the
formation without hindering tissue healing.

Peritoneal macrophages possess the ability to rapidly respond to
various pathogens and serosal injuries. Upon activation,
macrophages aggregate to encapsulate pathogens or injuries, or
engulf pathogens and die, or migrate to the omentum for antigen
presentation. These events will result in MDR that initiate and
regulate tissue repair. However, suffering from distinct degree
serosal injuries, peritoneal macrophages present disparate
behaviors, forming cell aggregates or a monolayer cell barrier. In
fact, cell aggregates can also serve as physical barriers. However,
once cell aggregates develop into super-aggregates when monolayer
cell barrier is not adequate, PAs will form in the injury area. And it’s
difficult to judge whether macrophage reaction matches the range of
injury or not. In addition, peritoneal macrophages play a vital role
in regulating coagulation, inflammation, fibrosis and fibrinolysis,
which are closely relative to PAs formation and tissue repair. In
summary, peritoneal macrophages are central players in the process
of adhesion formation. However, the mechanisms underlying the
switch of M1-like to M2-like phenotype are still unclear, so it’s
difficult to find a target to control the role of macrophages.
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And whether there are exclusives pro-fibrosis or anti-fibrosis
macrophage subsets need to be further studied.

The optimal approach to anti-PA therapy is to prevent adhesion
formation while ensuring the wound healing. Intervention in the
LPMs response has shed some light on the prevention of
postoperative peritoneal formation. In fact, recent studies have
developed some anti-PA strategies are closely associated with
peritoneal macrophages. Drugs that act on coagulation,
inflammation and HIF, can reduce the formation of PAs,
However, drugs can also result in some adverse response, such as
bleeding, fibrosis. In clinical, physical barrier is the most widely
used method. Among various materials, injectable hydrogels are
applied wider owing to their advantages, such as high
biocompatibility, ease of preparation, capability to load drugs for
controlled release, flexible nature and effective reduction tissue
adhesion. What’s more, hydrogels mainly focus on, anti-
inflammation, reducing the aggregation of macrophages and
promoting M2-like macrophage polarization via various
mechanisms. In conclusion, further exploration of the other
molecular mechanisms of adhesion formation is crucial for
creating new therapeutic strategies for PAs.
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