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Abstract

Fibrotic diseases encompass a range of pathological conditions characterized by the abnormal growth of connective tissue, involving var-
ious cell types and intricate signaling pathways. Central to the onset and development of fibrosis are macrophages and fibroblasts, whose
interactions are a pivotal area of investigation. Macrophages facilitate the activation, growth, and collagen production of fibroblasts,
doing so either directly or indirectly through the release of cytokines, chemokines, and growth factors. Conversely, fibroblasts boost
macrophage activity and intensify local inflammatory responses by secreting cytokines and matrix proteins associated with fibrosis.
Throughout the different phases of fibrosis, these two cell types communicate via cytokines and signaling pathways, thereby sustaining
the pathological condition. This review emphasizes the interplay between macrophages and fibroblasts and their contributions to fibrosis
in the lungs, liver, kidneys, and other organs. Furthermore, it delves into potential therapeutic targets within these interactions, with the
aim of shedding light on future clinical research and treatment approaches for fibrotic diseases.
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1. Introduction
Fibrosis, a multifaceted pathological condition, is fun-

damentally characterized by the excessive buildup of extra-
cellular matrix (ECM), leading to tissue scarring and, ulti-
mately, compromised organ function [1]. This pathological
transformation frequently emerges as the common endpoint
in chronic diseases affecting critical organs, including the
lungs, liver, and kidneys. Within the intricate web of cel-
lular interactions and signaling pathways, macrophages and
fibroblasts stand out as central players in driving the fibrotic
process.

Macrophages, known for their remarkable pheno-
typic adaptability, exert both pro-inflammatory and anti-
inflammatory effects [2]. This versatility directly impacts
the activation, proliferation, and ECMproduction of fibrob-
lasts. Once fibroblasts are activated, a self-perpetuating cy-
cle ensues, marked by the reinforcement of inflammatory
and fibrotic signals, making the condition notoriously diffi-
cult to reverse. Although significant strides have beenmade
in deciphering the mechanisms of these cells, the intricate
interplay between them and their underlying molecular pro-
cesses remains largely enigmatic.

A wealth of research highlights the distinct roles
played by different macrophage polarization states in fibro-
sis. Similarly, the diverse behaviors of fibroblasts and their
interactions with immune cells have been closely linked to
disease progression. However, how these cellular dynamics
differ across organs and fibrosis stages, and how they might

inform therapeutic approaches, continues to be an area of
uncertainty and ongoing investigation.

Drawing on current insights into the mechanisms of
macrophage–fibroblast interactions in fibrosis, this article
delves into how these processes unfold in vital organs such
as the lungs, liver, and kidneys. By thoroughly examin-
ing the key molecular mechanisms and cellular pathways
involved, we aim not only to uncover potential therapeutic
targets but also to spark innovative ideas for future clinical
interventions. As we navigate the complexities of these in-
teractions, we also grapple with unresolved scientific ques-
tions, striving to offer fresh perspectives that could propel
the field forward.

2. Literature Review
2.1 Functional Changes in Macrophages in the
Development of Fibrogenesis
2.1.1 Macrophage Classification

Macrophages in other tissues are typically classified
into M1 (pro-inflammatory) and M2 (anti-inflammatory)
phenotypes. However, with advancements in single-cell
sequencing, the M1/M2 paradigm does not fully cap-
ture the complexity of pro-fibrotic macrophages. In con-
trast, monocyte-derived macrophages associated with fi-
brosis, as observed in idiopathic pulmonary fibrosis (IPF)
and COVID-19-associated Acute Respiratory Distress Syn-
drome (ARDS), have acquired distinct transcriptional pro-
files [3].
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In asbestos-induced pulmonary fibrosis, monocyte-
derived macrophages are localized near fibroblasts within
fibrotic areas, and their deletion reduces fibrosis without
affecting tissue-resident alveolar macrophages (AMs) [4].
These findings underscore the pivotal role of monocyte-
derived macrophages in fibrosis, with their pro-fibrotic
properties often overlapping with those of tissue-resident
macrophages.

The primary sources of macrophages in the kid-
neys are monocytes from the bone marrow and resident
macrophages within the kidneys. Based on their origin
and function, they are generally classified into two cat-
egories: one category consists of self-renewing resident
macrophages in the kidneys, while the other category com-
prises macrophages that differentiate after migrating from
circulating monocytes to the kidneys [5].

Macrophages in the liver are divided into tissue-
resident macrophages and monocyte-derived macrophages.
However, the resident macrophages in the liver have been
given a new name: Kupffer cells [6].

2.1.2 SPP1+ Macrophages as Key Regulators in Fibrotic
Progression Across Organs

With the advancement of single-cell RNA sequencing
(scRNA-seq), numerous macrophage subpopulations asso-
ciated with fibrosis have been identified across organs. In
IPF, scRNA-seq of lung tissues revealed several distinct
macrophage subsets, including Secreted Phosphoprotein 1
(SPP1+), Ficolin 1 (FCN1+), and Fatty Acid Binding Pro-
tein 4 (FABP4+) macrophages. Among these, FABP4+
macrophages, predominantly found in healthy lungs, are
inferred to represent Alveolar Macrophages (AMs), while
SPP1+ macrophages, co-expressing MAF BZIP Transcrip-
tion Factor B (MAFB), CD163 Molecule (CD163), and
Legumain (LGMN), likely derive from monocytes [7].

A similar classification was proposed in the study
of Morse et al. [8], which identified three macrophage
subsets in normal and IPF lungs: monocyte-like cells,
FABP4hi/Inhibin Subunit Beta A (INHBA)+ macrophages,
and SPP1hi/MER ProtoOncogene, Tyrosine Kinase
(MERTK)+ macrophages. Notably, SPPhi macrophages
exhibit limited proliferation in healthy lungs but strongly
proliferate in IPF lungs, in contrast to the declining
proliferative capacity of FABP4hi macrophages [8].

Importantly, SPP1+ macrophages appear to represent
a conserved macrophages population across multiple fi-
brotic disorders. They are consistently expanded in Chronic
KidneyDisease (CKD), heart failure, and other fibrotic con-
ditions [9] (Fig. 1). In liver fibrosis, a related subpopu-
lation known as Scar-Associated Macrophages (SAMs)—
characterized by CD9+ Triggering Receptor Expressed
on Myeloid Cells 2 (TREM2+) markers—also highly ex-
presses SPP1, along with Glycoprotein Non-Metastatic
Melanoma Protein B (GPNMB), FABP5, and CD63 [10,
11]. Similarly, in the Perivascular Adipose Tissue (PVAT)

of patients with coronary atherosclerosis, elevated levels of
SPP1+ macrophages were associated with greater fibrosis
severity and higher coronary stenosis grades [12]. Together,
these findings suggest that SPP1+ macrophages constitute
a core fibrotic macrophage program conserved across or-
gans, while other subtypes such as FABP4+ macrophages
may play tissue-specific roles. However, the post-traumatic
repair process does not solely involve a pro-fibrotic pro-
cess but also includes tissue repair processes. Addition-
ally, SPP1+ cells exist at different stages of maturation and
exhibit diverse expression profiles, suggesting they may
possess distinct functional states, potentially functioning as
“remodeling” macrophages with dual roles in ECM reg-
ulation and repair [13]. While these findings highlight a
conserved role for SPP1+ macrophages across various fi-
brotic diseases, it is important to interpret single-cell tran-
scriptomic classifications with caution. Technical limita-
tions such as batch effects, lowRNA capture efficiency, and
underrepresentation of rare cell types may affect the resolu-
tion and interpretation of macrophage subtypes, potentially
overestimating their transcriptional discreteness [14].

2.1.3 Mechanisms by Which Macrophages Regulate
Fibrosis

Fibrosis is a chronic inflammatory response induced
by relatively severe or repetitive tissue damage, where
ECM components continuously accumulate, leading to
structural destruction and fibrosis of the tissue [15].
Macrophages play a pivotal role in initiating and sustain-
ing inflammation and are key participants in the fibrotic
process. Single-cell sequencing of human and mouse tis-
sues has identified diverse macrophage subtypes involved
in tissue inflammation and fibrosis, with distinct regula-
tory roles in these processes. In a 2005 study on liver in-
jury and repair by Duffield et al. [16], macrophage de-
pletion during the progression of hepatic fibrosis resulted
in reduced scar formation and fewer myofibroblasts. Con-
versely, macrophage depletion during recovery impaired
matrix degradation [16]. This suggests that macrophages
not only promote fibrotic tissue repair but also contribute to
post-injury tissue recovery by phagocytosing degraded ma-
trix. These roles may be carried out by distinct macrophage
subpopulations. Further research has revealed that certain
macrophage subpopulations are more effective at triggering
fibrosis, depending on their spatial localization and their ca-
pacity to activate other fibrosis-associated cells [4,17].

Modulation of macrophages alone can significantly
influence fibrotic outcomes, with diverse mechanisms ob-
served across organ systems. In the liver, pharmacologic
inhibition of macrophages has shown therapeutic poten-
tial. For instance, blocking dopamine receptor D2 signal-
ing in macrophages—but not in hepatocytes—suppresses
transcriptional co-activator activity and favors liver regen-
eration over fibrosis [18]. Additionally, the neurotrophic
factor MANF, expressed in myeloid cells, interacts with
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Fig. 1. Distribution and gene expression of different cell subtypes in healthy or fibrotic lung tissues. Myofibroblasts are the primary
collagen-producing cells in the fibrosis process, primarily derived from alveolar fibroblasts and hepatic stellate cells. Monocyte-derived
Secreted Phosphoprotein 1 (SPP1)+ macrophages, influenced by hypoxia, injury, and other factors, produce factors such as C-C Motif
Chemokine Ligand 2 (CCL2) and Platelet-Derived Growth Factor (PDGF), which positively regulate the differentiation of alveolar
fibroblasts and hepatic stellate cells into myofibroblasts. Figure generated using BioRender software. COL1A1, Collagen Type I Alpha
1; FABP, Fatty Acid Binding Protein. Created with BioRender.com.

S100A8 to disrupt its binding with A9, thereby inhibit-
ing the TLR4–NFκB pathway and attenuating liver fibro-
sis [19]. Moreover, hepatocyte ferroptosis-induced ox-
idative DNA damage can activate the STING pathway in
macrophages, promoting hepatic inflammation, fibrosis,
and even tumorigenesis [20].

In the kidney, hematopoietic cell kinase (HCK) drives
macrophage polarization toward pro-inflammatory, prolif-
erative, and migratory phenotypes via autophagy, thereby
exacerbating fibrosis [21]. In contrast, the zinc-finger

transcription factor KLF4 serves as a negative regulator
of macrophage-mediated inflammation, protecting against
TNFα-induced kidney injury and fibrosis [22]. In the lung,
macrophages contribute to fibrotic progression through
adrenergic signaling initiated by the neuronal guidance
protein netrin-1 [23,24]. In parallel, keratin 8 regulates
macrophage chemokine production and recruitment, further
shaping the inflammatory environment that promotes pul-
monary fibrosis.
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In the skin, Sonic hedgehog (SHH) signaling enhances
macrophage oxidative phosphorylation and cytophagocytic
activity, promoting their polarization toward a pro-fibrotic
phenotype and driving scar formation [25]. Beyond organ-
specific mechanisms, macrophages have also been shown
to directly produce ECM proteins. A 2020 zebrafish
study demonstrated that macrophages can contribute to
scar formation by expressing and depositing collagen both
autonomously and in a cell-naïve manner. However,
macrophage-derived collagen may differ in composition
and organization compared to that of canonical myofibrob-
lasts [26].

Because the original M1/M2 macrophage typing does
not fully describe pro-fibrotic macrophage subtypes, there
has been a gradual increase in studies on the regulation of
SPP1+ macrophages alone. For instance, in hepatic fibro-
sis, SAMs are regulated by cytokines such as Granulocyte–
Macrophage Colony-Stimulating Factor (GM-CSF), Inter-
leukin 17A (IL-17A), and Transforming Growth Factor
Beta 1 (TGF-β1), which drive the differentiation of human
monocytes into macrophages expressing scar-associated
markers. These differentiated cells degrade collagen IV,
but not collagen I, and promote TGF-β1-induced deposi-
tion of collagen I by activated Mesenchymal Stem Cells
(MSCs) [11]. Type I collagen is a major component of
“restorative” fibrotic scar tissue and may play a support-
ive role in tissue repair in response to inflammation and
other injuries. TGF-β1, a transforming growth factor, con-
tributes to the formation of elastic fibers in connective tis-
sue and is a critical inducer of fibrosis [27]. Chemokine
(C-X-C motif) ligand 4 (CXCL4) is one of the most highly
upregulated genes during SPP1+ macrophage differentia-
tion; it promotes this macrophage subtype and facilitates
macrophage–fibroblast crosstalk. CXCL4 deletion dis-
rupts this interaction and significantly attenuates fibrosis
[9]. Pirfenidone, a clinical antifibrotic agent, suppresses
macrophage-mediated fibrosis by inhibiting integrin αMβ2
and Rho-associated kinase 2, thereby blocking mechani-
cal activation of macrophages [28]. Similarly, inhibition
of Macrophage Colony-Stimulating Factor Receptor (M-
CSFR) signaling attenuates fibrosis by disrupting impor-
tant fibrotic ecological niches formed by monocyte, AMs,
and fibroblasts [4]. Ring Finger Protein 41 (RNF41) atten-
uates fibrosis and promotes liver regeneration by inhibit-
ing the secretion of pro-inflammatory cytokines [29]. Con-
versely, FSTL1 promotes macrophage phenotypes toward
pro-inflammatory activation and activates the NF-kappaB
pathway, thereby accelerating the progression of liver fi-
brosis [30].

2.2 Functional Changes in Fibroblasts in the Development
of Fibrogenesis
2.2.1 Fibroblast Classification

Fibroblasts are primarily derived from mesenchymal
cells. Under normal physiological conditions, fibroblasts

are a key cell type in connective tissues, and their main
functions include the synthesis and secretion of collagen
and other fibrous proteins as well as participation in wound
healing and tissue repair processes. During fibrosis, fi-
broblasts not only increase in number, but their behavior
also changes from supporting and repairing to promotion
of hyperfibrosis and tissue sclerosis, a shift that is usu-
ally caused by a chronic inflammatory response in which
pro-inflammatory factors released by immune cells activate
and alter fibroblast function. These cells are not only in-
volved in the inflammatory phase but also contribute sig-
nificantly to the formation of type I collagen in the later
stages of tissue remodeling [31]. Notably, type I colla-
gen is the main component of scar tissue. In their review,
Plikus et al. [32] summarized various fibroblast subpop-
ulations in different tissues, including alveolar fibroblasts
(PDGFRα+COL1a1+NPNT+CES1D+), epithelial fibrob-
lasts (PDGFRα+COL1a1+Pi16+CCL11+), peribronchial
fibroblasts (PDGFRα+COL1a1+HHIP+), and myofibrob-
lasts (FAP+CTHRC+COL1A1+POSTN+) (Fig. 1). Re-
cent advances in single-cell sequencing have identified nu-
merous fibroblast sub-phenotypes associated with fibro-
genesis. For example, the pathological fibroblast sub-
population marked by Collagen Triple Helix Repeat Con-
taining 1 (CTHRC1) expression produces collagen exclu-
sively within fibrotic foci and serves as a specific marker
for ECM-generating pathological fibroblasts in fibrotic tis-
sues [33–35]. Mayr et al.’s study [36] on bleomycin-
induced fibrotic lungs in mice identified transitional fibrob-
lasts with high Sfrp1 expression in the early post-injury
stages. These fibroblasts were located in peribronchiolar,
peripheral, and alveolar regions and later differentiated into
invasive CTHRC1+ myofibroblasts during advanced dis-
ease stages.

2.2.2 Major Molecules Regulating Fibroblast Activation

As with macrophages, certain fibroblast cells are more
closely involved in the fibrotic process than others. In addi-
tion to fibroblasts, a variety of other cells can differentiate
into myofibroblasts after acute tissue injury [37]. Fibrob-
lasts contributing to fibrosis originate from diverse sources,
and their activation represents a dynamic and context-
dependent process. While Hhip+ lipofibroblasts have been
identified as a fibroblast subtype enriched in regenerative
regions and associatedwith anti-fibrotic signaling pathways
in both mouse and human lungs [38], this trajectory repre-
sents only one of several potential differentiation pathways.
However, to date, SCUBE2+ fibroblasts have primarily
been characterized in mouse models, and their presence and
relevance in human fibrotic diseases remain to be confirmed
by future studies. Other resident cell populations, such as
lipid fibroblasts, have been shown to be capable of mutual
conversion with myofibroblasts during the progression and
regression of fibrosis [39]. Adventitial fibroblasts are ac-
tivated and migrate to the intimal region following arterial
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injury, differentiating into myofibroblasts and participating
in ECM deposition and pathological remodeling [40]. This
includes epithelial-mesenchymal transition (EMT), the pro-
cess bywhich endothelial cells transform intomesenchymal
fibroblasts, which is closely associated with wound healing
and organ fibrosis [41]. However, EMT appears to play a
more significant role in the kidney, while its role in other or-
gans remains controversial, with complex mechanisms that
require further validation. These cells have been shown to
contribute to the myofibroblast pool depending on the type
of injury, anatomical context, and species.

Notably, single-cell lineage tracing and transcriptomic
analyses have identified transitional fibroblast states (e.g.,
SFRP1+ or Cthrc1low) that precede full myofibroblastic
differentiation and may retain partial lipogenic signatures.
While these findings suggest potential plasticity, definitive
in vivo evidence for their reversion to quiescence in estab-
lished fibrosis remains limited. In particular, whether such
transitions occur under pathological conditions or only in
self-resolvingmodels (e.g., youngmice) is still under inves-
tigation. Therefore, fibroblast activation is better conceptu-
alized as a context-dependent continuum, shaped by niche-
derived cues, rather than a strictly linear or fully reversible
process. However, this may also suggest that fibroblasts are
not the end point of a single trajectory, but rather the result
of the convergence of multiple input factors (developmen-
tal origin, spatial location, and signal exposure), and that
functional heterogeneity exists even within subpopulations
defined by markers.

Fibroblast activation plays a central role in tissue re-
modeling across multiple organs and is regulated by di-
verse, context-dependent mechanisms. In the heart, Am-
bra1 limits fibrosis by blocking the uptake of extracellular
vesicles from cardiomyocytes and fibroblasts [42]. Addi-
tionally, Platelet-Derived Growth Factor AB (PDGF-AB)
facilitates fibroblast migration and scar maturation with-
out inducing proliferation, thus supporting functional repair
[43].

Several pro-fibrotic pathways are shared across or-
gans. Notably, Wnt/β-catenin signaling enhances TGF-
β1- or IL-4-induced macrophage polarization, leading to
downstream STAT3 activation and fibrosis in both the heart
and kidney [44,45]. In the kidney, Glutathione Peroxi-
dase 3 (GPX3) deficiency increases NADPH Oxidase 4
(NOX4) and ROS production, activating fibroblasts [46],
while CD44-binding exosomal proteins [47] and Fibroblast
Growth Factor 18 (Fgf18) overexpression [48] further pro-
mote fibroblast proliferation and fibrotic progression.

In the lung, regulatory factors exert opposing roles:
Platelet Endothelial Aggregation Receptor 1 (PEAR1) sup-
presses fibrogenic signaling via protein phosphatase 1,
whereas CD147 promotes SARS-CoV-2-induced fibrob-
last activation [49,50]. CD148, conversely, inhibits NF-
kappaB-mediated necrotic gene expression, reducing fibro-
sis [51].

Epigenetic and transcriptional control also shape fi-
broblast behavior. In skin and epidural tissues, Histone
Deacetylase 5 (HDAC5) silences Smad7 through Myocyte
Enhancer Factor 2A (MEF2A), and Jun Proto-Oncogene,
AP-1 Transcription Factor Subunit (JUN) activates CD36,
both contributing to excessive collagen deposition and scar
formation [52,53]. In contrast, lncRNA-COX2 downreg-
ulates Early Growth Response 1 (EGR1), limiting fibrob-
last activation and epidural fibrosis [54], while p53 deletion
causes fibroblast overproliferation and ECM accumulation,
contributing to pathological fibrosis [55].

Across various tissues, fibroblast activation protein
(FAP) serves as a consistent marker of activated fibroblasts.
In the intestines and kidneys, FAP+ fibroblasts are key
ECM producers [56,57]. In both the heart and liver, FAP+
fibroblasts contribute to fibrosis, and targeting FAP—via
genetic deletion or pharmacological inhibition—has been
shown to attenuate fibrosis, reduce inflammation, and pro-
mote tissue repair [45,58]. These findings underscore the
organ-specific yet overlapping pathways that govern fi-
broblast activation in fibrotic diseases.

2.2.3 Regulation of Myofibroblast Differentiation

The differentiation of fibroblasts into myofibrob-
lasts is a central step in the progression of fibrosis.
In the heart, the Circular RNA SH3 Domain Contain-
ing Ring Finger 3 (Circ-sh3rf3)/GATA Binding Protein 4
(GATA-4)/microRNA-29a (miR-29a) axis has been iden-
tified as a regulatory pathway that modulates this pro-
cess [59]. Mechanistically, Circ-sh3rf3 interacts with
and downregulates GATA-4, a transcription factor that
normally represses miR-29a. The resulting upregula-
tion of miR-29a suppresses myofibroblast differentiation,
thereby attenuating cardiac fibrosis. Although this path-
way is currently characterized in cardiac tissue, fur-
ther studies are needed to determine its relevance in
other organs. Wnt binds Frizzled proteins, activating β-
catenin to form T-cell factor/lymphoid enhancer-binding
factor (TCF/LEF) conjugates, which drive the transcrip-
tion of downstream genes to promote fibroblast differ-
entiation [60] (Fig. 2). Additionally, the Lysophos-
phatidylcholine (LPC)/Autotaxin (ATX)/Lysophosphatidic
Acid (LPA)/LPA Receptor 2 (LPA2) signaling pathway
plays a significant role in the fibroblast-to-myofibroblast
transition (FMT) [61].

Furthermore, the process of fibroblast-to-
myofibroblast conversion is influenced by multiple
factors. Secreted Frizzled-Related Protein 1 (SFRP1)
is a key inhibitor of lung fibroblast invasion during the
transition to myofibroblasts after lung injury. SFRP1+
transitional fibroblasts appear prior to the formation of
invasive myofibroblasts, and TGF-β1 downregulates
SFRP1 to drive this invasive shift [36]. Fibroblast Growth
Factor 10 (FGF10) promotes cardiac regeneration after
myocardial infarction by enhancing cardiomyocyte pro-
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Fig. 2. Promotion of fibroblast differentiation to pro-fibrotic fibroblasts mainly involves theWingless/Integrated (Wnt)/β-catenin
pathway, whereas the Circular RNA-sh3rf3 (Circ-sh3rf3)/GATA Binding Protein 4 (GATA-4)/microRNA-29a (miR-29a) axis
inhibits this process. Transforming Growth Factor Beta (TGF-β) activates the Wnt/β-catenin pathway, where Wnt proteins bind to
Frizzled (FZD) receptors, facilitating β-catenin binding to Axin. This interaction drives nuclear T-cell Factor/Lymphoid Enhancer-
binding Factor (TCF/LEF) complex-mediated DNA editing, promoting fibroblast differentiation. The Circ-sh3rf3/GATA-4/miR-29a
axis inhibits differentiation by reducing GATA-4 expression, which in turn upregulates miR-29a and inhibits fibroblast-to-myofibroblast
differentiation. Created with BioRender.com.

liferation and reducing fibrosis. FGF10 activates major
regenerative pathways while inhibiting myofibroblast
activation, thereby reducing fibrosis and promoting cardiac
regeneration after myocardial infarction [62]. GDF15 is a
key driver of IPF; its upregulation in the ECM promotes
fibroblast activation and myofibroblast differentiation
[63]. In the heart, Muscleblind-Like Splicing Regulator
1 (MBNL1) regulates the transition of fibroblasts into
myofibroblasts during cardiac wound healing. MBNL1
overexpression accelerates fibrotic scar formation, whereas
MBNL1 deletion prevents myofibroblast activation,
thereby reducing fibrosis [64]. Antiretroviruses induce the
differentiation of cardiac fibroblasts into myofibroblasts
via the JAK2/STAT3 and JNK/c-Jun signaling pathways,
thereby promoting cardiac fibrosis [65]. Myofibroblast-
specific overexpression of MBNL1 promotes therapeutic
efficacy in cardiac fibrosis, whereas MBNL1 deletion
limits scarring [64]. Simultaneously, BMP4 counteracts
the effects of TGF-β1 by suppressing the transformation of
fibroblasts into myofibroblasts and curbing the production
of ECM. This is achieved through its ability to mitigate
dysfunctional mitochondrial autophagy and reduce cellular
aging in lung fibroblasts [66].

2.3 Mechanisms of Macrophage–Fibroblast Interaction

Both macrophages and fibroblasts act as impor-
tant regulatory effector cells in tissue fibrosis, interact-
ing through a macrophage–fibroblast axis that significantly
influences fibrotic progression. Macrophage-conditioned
medium has been shown to directly stimulate fibroblast pro-
liferation and ECM protein production in vitro [67]. This
interaction is mediated by multiple pathways and is influ-
enced by the immunometabolic environment. Under con-
ditions of inflammation, hypoxia, and immune modulation,
macrophages undergo phenotypic changes that, in turn, ac-
tivate fibroblasts and promote their differentiation into my-
ofibroblasts. This dynamic interaction leads to excessive
ECM deposition, further driving fibrosis [68].

2.3.1 Pathways by Which Macrophages Regulate
Fibroblast Function

Monocyte-derived AMs are a key cell type in pul-
monary fibrosis; they are located predominantly in fibrotic
areas and stimulate fibroblast proliferation by secreting pro-
fibrotic factors [4]. Macrophages produce pro-fibrotic fac-
tors that directly activate fibroblasts, including the trans-
forming growth factor TGF-β1 and platelet-derived growth
factor (PDGF) [69].
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Macrophage–fibroblast interactions are stable in
healthy tissues. However, after myocardial infarction,
cardiac fibroblasts and macrophages function together to
regulate tissue homeostasis and infarct repair. Cardiac
fibroblasts and macrophages collaborate closely to reg-
ulate the fibrotic response. FAP+POSTN+ fibroblast
subpopulations play a pivotal role in fibrosis progres-
sion, with their development and maturation promoted by
IL-1β signaling [70]. Under cardiac pressure overload,
macrophages can regulate fibroblast activation via miRNA-
21, which drives fibroblast differentiation into myofibrob-
lasts via the TGF-β/Smad signaling pathway, further pro-
moting fibrosis [71]. In response to NOX4-mediated in-
flammation, resident macrophages are activated and ex-
hibit a pro-fibrotic phenotype, secreting IL-6 and TGF-
β, which directly promotes cardiac fibroblast activation
and collagen deposition [72]. Hypoxia promotes the ex-
pression of V-Set and Immunoglobulin Domain Contain-
ing 4 (VSIG4) in macrophages, promoting scar formation
and fibroblast transformation into myofibroblasts through
TGF-β1 and IL-10 signaling [73]. WW Domain Con-
taining E3 Ubiquitin Protein Ligase 2 (WWP2), an E3
ubiquitin ligase, regulates macrophage infiltration and ac-
tivation mainly by regulating CCL5, which contributes to
the transdifferentiation of myofibroblasts to regulate car-
diac fibrosis [74]. The buildup of Vascular Endothelial
Growth Factor Receptor 1 (VEGFR1)-positive perivascular
macrophages following recurrent injury triggers abnormal
activation of the Wnt/β-catenin signaling pathway. This
activation subsequently boosts Notch signaling in perivas-
cular fibroblasts, leading to increased fibrosis [75]. Ad-
ditionally, SPP1+ macrophages gather in the adipose tis-
sue adjacent to atherosclerotic coronary arteries, influenced
by the Osteopontin (OPN)–Cluster of Differentiation 44
(CD44)/integrin interaction. This process facilitates the
movement and growth of fibroblast progenitor cells, fur-
ther intensifying fibrosis in the pericoronary adipose tis-
sue [12]. Interestingly, mechanisms also exist to attenuate
macrophage–fibroblast interactions in fibrosis. For exam-
ple, Tumor Necrosis Factor-Stimulating Factor 6 (TSG6)
can inhibit the interaction between macrophages and en-
dothelial stromal fibroblasts during endothelial fibrosis,
preventing stromal fibroblasts from differentiating into my-
ofibroblasts, thus attenuating the degree of fibrosis [76].

In lung fibrosis, fibroblasts and macrophages are cru-
cial for repair after tissue injury. Highly proliferating
SPP1hi macrophages in fibrotic tissues play a crucial role
in activating myofibroblasts, a process supported by co-
localization studies and causality models [8]. Akt1 induces
macrophage mitochondrial ROS and mitophagy, contribut-
ing to AM anti-apoptosis, which ultimately promotes TGF-
β1 expression, fibroblast differentiation, and lung fibrosis
[77]. In contrast, TGF-β1 has been found to induce global
DNA hypermethylation in fibroblasts in a TGF-β/Smad3-
dependent manner. Overexpression of Mbd2 inhibits this

signaling and promotes fibroblast differentiation into my-
ofibroblasts, exacerbating fibrosis [55].

In liver and kidney fibrosis, the macrophage surface
receptor tyrosine kinase MERTK activates the ERK-TGF-
β1 pathway, facilitating hepatic stellate cell (hepatic fibrob-
last) activation and promoting fibrosis [78]. NLRP3 inflam-
masomes modulate TGF-β signaling and macrophage phe-
notypes in CKD, promoting the development of inflamma-
tory cells [79]. In a mouse model of CKD, macrophage-
derived Vitronectin (Vtn)-rich ECM scaffolds promoted fi-
broblast activation and proliferation [80].

In the skin, a fibrotic signaling loop is formed be-
tween ECM-producing fibroblasts and pro-fibrotic SPP1+
myeloid cells, mediated through the SPP1 signaling path-
way. Corticosteroids have been shown to disrupt this cir-
cuit by reversing the transcriptional programs of SPP1+
macrophages and POSTN+ fibroblasts [81]. Addition-
ally, Wnt signaling enhances the expression of fibrosis-
associated genes by activating β-linker proteins in fibrob-
lasts and promoting ECM accumulation [82].

2.3.2 Effect of Fibroblasts on Macrophages
While most of the literature on macrophage–fibroblast

interactions has focused on the effect of macrophages
on fibroblasts, fibroblasts themselves also have a signif-
icant impact on macrophages during the course of fibro-
sis. One key interaction is the stimulation of bone mar-
row cell transformation. In this process, the proliferation
of fibroblast-derived or autocrine growth factors, in ad-
dition to granulocyte–macrophage colony-stimulating fac-
tor (GM-CSF), is required [81]. Fibroblasts also regu-
late macrophage activation through signaling pathways.
For example, fibroblast Smad7 expression is upregulated
in the heart after pressure overload, and Smad7 protects
cardiac function by reducing collagen deposition, inhibit-
ing MMP2-mediated matrix degeneration and suppressing
macrophage activation by inhibiting stromal cell proteins
[83]. In addition, prostacyclin I2 (PGI2) inhibits fibrob-
last activation through activation of the cAMP/PKA sig-
naling pathway via the prostaglandin I2 receptor (PTGIR).
PGI2 is a key antifibrotic factor in the repair of renal in-
jury, and attenuates renal fibrosis by inhibiting the over-
activation of fibroblasts, whereas inhibition of stromal cell
proteins inhibits macrophage activation and attenuates the
progression of fibrosis [84]. Pro-fibrotic macrophages also
produce matrix metalloproteinases (MMPs) and tissue in-
hibitors of metalloproteinases, which regulate inflamma-
tory cell recruitment and ECM turnover [85]. CXCL14
promotes the activation and recruitment of bone marrow-
derived macrophages [86]. FAP is expressed in a subpopu-
lation of activated fibroblasts and promotes the pro-fibrotic
activity of macrophages during liver fibrosis [58].
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Fig. 3. Injury, inflammation, and fibrosis processes co-exist in fibrotic lung disease. Schematic illustration showing the coexistence
and interplay of inflammatory and reparative processes during lung injury and fibrosis. Inflammatory macrophages and fibroblasts
dominate early responses but may persist alongside restorative macrophages and fibrotic fibroblasts in chronic lesions. The diagram
highlights the dynamic interactions between immune cells and stromal cells, including C-C Motif Chemokine Ligand 2 (CCL2)/C-X-C
Motif Chemokine Ligand 14 (CXCL14)-mediated crosstalk that reinforces fibroblast activation. Created with BioRender.com.

2.4 Temporal Characteristics of Macrophage–Fibroblast
Interactions

The healing of organ tissues post-injury likely pro-
gresses through three stages: inflammation, tissue regen-
eration, and remodeling [87]. In the early inflamma-
tory phase, macrophages rapidly accumulate at the injury
site, promoting immune responses and clearing debris. If
macrophages are depleted during this acute window—such
as in models of myocardial infarction—this can lead to
long-lasting adverse effects, including impaired tissue re-
generation, persistent fibrosis, and functional decline [88].
Similarly, in a rat model of cerebral ischemia, macrophage
infiltration in the acute phase was positively correlated with
fibronectin expression, suggesting early involvement in fi-
brotic remodeling [67].

Fibroblasts respond to injury by differentiating into
inflammatory fibroblasts during the early phase, which
then give rise to pro-fibrotic fibroblasts during regeneration
[89]. Macrophages regulate this transition: in macrophage-
depleted models, premature activation of fibroblasts oc-
curs, highlighting their role in restraining fibroblast activa-
tion during early repair [88]. This regulation is mediated
by TGF-β1/SMAD3 and JAK/STAT signaling, which also
promote fibroblast-to-myofibroblast differentiation [90].

Recent studies suggest that macrophage-fibroblast in-
teractions are temporally dynamic. For example, CD38+
macrophages—enriched during chronic fibrosis—originate
from resident macrophages under CSF1/CSF1R signaling
and promote fibrosis by depleting NAD+ in renal tubu-
lar epithelial cells (RTECs), thereby inducing senescence
and sustaining inflammation. CD38+ macrophages secrete
SASP-related cytokines such as CCL2 and IL6, while their
depletion—genetically or pharmacologically (e.g., 78c)—
restores NAD+, reduces RTEC senescence, and attenuates
fibrosis in AKI models. These findings highlight not only
their pro-fibrotic role but also the importance of interven-
tion timing, as delayed targeting yields limited benefit [91].
Importantly, the functional role of macrophages is shaped
not only by timing but also by organ-specific microenvi-
ronments, the nature of the injury, and co-existing immune
or stromal signals. The same macrophage subtype may ex-
hibit pro-fibrotic, anti-inflammatory, or remodeling func-
tions depending on these cues. Similarly, fibroblasts con-
tribute to macrophage recruitment and polarization through
CCL2 and CXCL14 during the repair phase, establishing a
feedback loop that evolves with tissue context [86,92].

While stage-specific depletion of macrophages in pre-
clinical models has provided proof-of-concept for tempo-
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Fig. 4. The left side shows examples of several methods for inhibiting macrophages to reduce fibrosis, while the right side shows
potential therapeutic methods for inhibiting fibroblasts to reduce fibrosis. Created with BioRender.com.

rally guided antifibrotic interventions, translating this strat-
egy into clinical practice remains challenging. Human fi-
brotic diseases often progress insidiously, with blurred tran-
sitions between inflammation, repair, and fibrosis, making
the identification of precise intervention windows difficult.

Together, these findings underscore that macrophage–
fibroblast crosstalk is not static but evolves across time and
tissue context. Effective interventions must therefore con-
sider not only cell identity but also timing and functional
state to avoid disrupting beneficial repair processes while
targeting pathogenic fibrosis (Fig. 3).

2.5 Targeted Therapy

The role of macrophages in the fibrotic microenviron-
ment has received widespread attention, with modulation of
their survival, differentiation, and function showing signif-
icant therapeutic potential. Since macrophages in fibrosis
are primarily monocyte-derived, blocking SCUBE2+ to re-
duce monocyte-to-macrophage differentiation significantly
reduces macrophage numbers and attenuates fibrosis. In-
hibiting the M-CSF/M-CSFR pathway not only affects
macrophage survival but also slows fibrosis progression by
modifying the fibrotic microenvironment [4]. Darapladib,

a Phospholipase A2 Group VII (PLA2G7) inhibitor, sig-
nificantly reduces the number of PLA2G7-overexpressing
macrophages, inhibits myofibroblast accumulation, and at-
tenuates pulmonary fibrosis [61]. Local injection of cor-
ticosteroids greatly reduces the expression of SPP1 and
POSTN genes, suggesting their potential as therapeutic
targets for skin scar tissue [93]. Furthermore, restoring
RNF41 expression in macrophages of fibrotic mice through
a nanoparticle system improves liver function and reduces
fibroblast activation, highlighting RNF41’s potential as
an antifibrotic target [29]. Additionally, α1-adrenoceptor
blockade therapy inhibits macrophage-promoted fibrotic
processes and could serve as a potential novel therapy for
fibrosis [23].

However, regulating macrophage function alone may
not be sufficient to completely reverse fibrosis. Fibroblasts
are the main effector cells in fibrosis, and their prolifera-
tion, differentiation, and activation processes are equally
important for fibrosis intervention. Poricoic acid A reduces
renal fibroblast activation and interstitial fibrosis by upreg-
ulating Sirt3, a process that accelerates β-catenin degrada-
tion and inhibits pro-fibrotic gene expression [94]. TGF-
β/Smad3 signaling in cardiac fibroblasts is critical for my-
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ofibroblast activation and ECM generation, driving car-
diac fibrosis. The deletion of Smad3 significantly atten-
uates fibrosis, whereas Smad2 has a lesser effect. Tar-
geting Smad3 may help treat heart failure without com-
promising cardiac function [95]. Microcystin-LR is effec-
tive in reducing fibrosis by blocking FMT through inhibi-
tion of CD206 macrophage differentiation [96]. In con-
trast, drug delivery systems such as liposomes loaded with
clodronate (CLD) and hybrid systems utilizing fibroblast-
derived exosomes (EL-CLD) are engineered to inhibit non-
specific phagocytosis and promote homing to fibroblasts,
allowing them to preferentially target fibrotic lung tissue
[97]. Dimethyl fumarate-loaded ROS-responsive DSPE-
TK-PEG@DMF liposomes mitigate lung fibrosis by acti-
vating Nrf2 signaling, which impedes macrophage-driven
FMT and ECM accumulation [98]. This approach enhances
drug delivery to lesions, improving therapeutic efficiency.

Therapeutically, FAP-directed strategies such as
CAR-T cells and peptide vaccines have demonstrated an-
tifibrotic activity in preclinical models, though the mag-
nitude of functional benefit is often modest and variable.
Moreover, multiple translational barriers limit their imme-
diate clinical applicability [99,100]. These include on-
target/off-tumor toxicity due to FAP expression in non-
fibrotic tissues (e.g., peritumoral zones, inflamed or is-
chemic tissues), substantial inter-individual heterogeneity
in FAP levels, and the context-dependent roles of FAP
across different organ systems [101]. As such, there is a
tangible risk of impairing physiological tissue remodeling
or immune regulation. No FAP-targeted antifibrotic ther-
apy has yet advanced to clinical approval.

Furthermore, the limited predictive value of many
rodent models for human fibrosis, especially regarding
chronic remodeling and immune heterogeneity, compli-
cates the translation of preclinical findings. Future studies
should prioritize biomarker-guided trial designs and mech-
anistic dissection of treatment windows. Given the dy-
namic, non-linear nature of fibrosis—with alternating ac-
tive and quiescent phases—intervening at early pro-fibrotic
transitions (e.g., monocyte-to-macrophage differentiation,
fibroblast priming) may offer higher reversibility, whereas
established fibrosis may require matrix-directed or epige-
netic reprogramming approaches. Combining molecular
imaging with selective delivery methods, such as nanopar-
ticle or antibody-drug conjugates, may improve therapeutic
precision and minimize systemic toxicity (Fig. 4).

3. Conclusions
Over the past decade, advances in single-cell tech-

nologies have expanded our view of the cellular ecosys-
tem driving fibrosis. We now recognize that neither
macrophages nor fibroblasts act as uniform cell types; in-
stead, they comprise diverse subpopulations with distinct—
and often reversible—functional states. However, identify-
ing these subsets is only a first step. We still lack a clear

understanding of how macrophage–fibroblast interactions
vary across disease stages and tissue contexts, or how these
signals shift from promoting repair to driving pathological
remodeling.

While populations such as SPP1+ macrophages and
SCUBE2+ fibroblasts have been described as key play-
ers, their exact functions—especially in human disease—
remain to be validated. Most evidence still comes from
acute injury models in mice, and the extent to which these
findings apply to human fibrosis, which evolves more
slowly and heterogeneously, is uncertain.

The field must now move beyond cell-type cataloging
and focus on mechanistic questions: What signals deter-
mine whether macrophages restrain or promote fibroblast
activation? When, and in which tissue niches, do fibrob-
lasts retain the capacity to revert to non-pathogenic states?
And critically, can we define intervention windows where
antifibrotic therapy improves outcome without disrupting
necessary repair?

Answering these questions will require functional val-
idation in vivo, integration of spatial and temporal infor-
mation, and comparative studies across organs and species.
Without this, we risk mistaking descriptive complexity for
understanding—andwill continue to fall short of translating
biological insights into effective treatments.
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