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Tissue-resident macrophage (TRM) is a specialized subset of macrophage that
resides within specific tissues and organs. TRMs play crucial roles in resisting
pathogen invasion, maintaining the homeostasis of the immune
microenvironment, and promoting tissue repair and regeneration. The
development and function of TRMs exhibit significant heterogeneity across
different tissues. Kidney TRMs (KTRMs) originate from both embryonic yolk sac
erythro-myeloid progenitors and the fetal liver, demonstrating the capacity for
self-renewal independent of bone marrow hematopoiesis. KTRMs are not only
essential for the maintenance of renal homeostasis and the monitoring of
microvascular environment, but contribute to renal injury due to inflammation,
fibrosis and immune dysfunction in kidneys. In this review, we summarize
currently available studies on the regulatory role of KTRMs in processes of
renal injury and repair. The altering effects and underlying mechanisms of
KTRMs in regulating local tissue cells and immune cells in different renal
diseases are reviewed, primarily including lupus nephritis, diabetic
nephropathy, renal fibrosis, and renal carcinoma. Understanding the plasticity
and immune regulatory functions of KTRMs may offer new insights into the
pathogenesis and the exploration of therapeutic strategies of kidney diseases.
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1 Introduction

Macrophage is a crucial immune cell subset in mediating innate and adaptive
immunity. There are two types of macrophages, namely tissue-resident macrophage
(TRM) and wandering macrophage. They are involved in various pathophysiological
processes, such as immune reaction, immune tolerance, inflammatory response, fibrosis,
angiogenesis, and tumorigenesis (1). TRMs that reside in different tissues and organs are
characteristic of heterogeneity, plasticity, and specificity, originating from erythro-myeloid
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progenitors (EMPs) in the embryonic yolk sac (YS) independent of
transcription factor Myb (2, 3). TRMs are integral to host tissues
and function with specific tissue cells during the processes of
immune surveillance, inflammation regulation, tissue injury and
repair, and maintenance of homeostasis (4-6). Two distinct
developmental programs govern the differentiation of EMPs into
TRMs. In the YS, YS-TRMs serve as precursors of microglia without
the formation of monocyte intermediates. Conversely, fetal
monocytes (MOs) are produced when EMPs migrate and colonize
the fetal liver (FL), which serve as precursors of TRMs in other
specific tissues, including kidney TRMs (KTRMs) (7). An
increasing number of studies have demonstrated that TRMs play
crucial roles in the regulation of organ and regional immunity as
well as microenvironment homeostasis. For instance, enhanced
apoptosis of visceral adipose tissue (VAT)-resident macrophages
induces systemic insulin resistance in non-diabetic mice via
Toll-like receptor (TLR) 4 and danger signaling-associated
protein high mobility group box 1 after myocardial infarction
injury (8). Kupffer cells protect liver from ischemia-reperfusion
injury via heme oxygenase-1 (HO-1) (9), while lung-resident
macrophages exacerbate remote sterile lung damage by
promoting inflammatory response through the receptor for
advanced glycation end products (RAGE) and the epidermal
growth factor receptor (EGFR) signaling pathway (10). All these
findings have suggested TRM:s are not only the integral components
of the immune system, but exert diverse effects on the regulation of
organ and regional immunity with significant tissue specificity.

Kidney disease has emerged as a major problem globally (11).
Macrophages are crucial for immune surveillance and the
maintenance of renal homeostasis (12). Kidney macrophages
exhibit heterogeneity consisting of bone marrow-derived
macrophages (BMRMs), also referred to as infiltrating
macrophages, and embryonic-derived self-sustaining KTRMs
(13). Previous studies have primarily focused on the role of
BMRMs in renal diseases. Increasing evidence has suggested
KTRMs also play a significant role in the regulation of
homeostasis in kidney independently or synergistically with
BMRMs. In this review, we aim to elucidate the characteristics
and functions of KTRMs, as well as the effects and mechanisms in
the regulation of renal injury and repair in various renal diseases, to
provide an updated insight into the pathogenesis and therapeutic
strategies for renal diseases.

2 KTRMS

2.1 Origin, localization and maintenance of
KTRMs

KTRMs originating from MOs are characterized by CD45%,
CDI11b"", F4/80"™", and Ly6C (7). Some transcriptional regulators
are activated in KTRMs exhibiting tissue-specificity, including the Aryl
hydrocarbon receptor (Ahr), nuclear factors of activated T cells 1 and 2
(Nfatcl and Nfatc2), and interferon regulatory factor 9 (Irfo) (14).
Fate-mapping analysis utilizing single-cell RNA sequencing data from
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both mice and humans reveals that the macrophage population firstly
emerging in the YS and FL typically expresses phosphatidylserine
receptor T cell immunoglobulin and mucin domain 4 (TIMD4), and/
or lymphatic endothelial hyaluronic acid receptor 1 (LYVEL), and/or
folate receptor beta (FOLR2), which is thus designated as TLF"
macrophage. TLF" macrophage exhibits high transcript conservation
between mice and humans, suggesting TLF" macrophage may be the
intermediate subset during the evolutionary transition from MOs to
KTRMs (15).

Most KTRMs are located in the renal medulla and distributed
among the peritubular capillary endothelial cells, the tubule
basement membrane, and Bowman’s capsule, facilitating the
uptake of immune complexes (ICs) transported from the
endothelial cell (16, 17). Alex Yashchenko et al. have found a
macrophage subpopulation of CC Motif Chemokine Receptor 2
(Cer2)" KTRM in the renal cortex utilizing the single-cell RNA
sequencing (scRNAseq), fate mapping, and parabiosis. The
accumulation of Ccr2® KTRM in the renal cortex under the
regulation of CX3C chemokine receptor 1 (CX3crl) can promote
the progression of cortical-based cystic kidney disease (18).

KTRM is a crucial immune cell population in the kidney and
play a significant role in the maintenance of renal homeostasis.
CX3CL1 is a niche signaling molecule released from the kidney to
recruit monocytes following the clearance of KTRMs niche. CX3crl
is the sole known receptor for CX3CL1, which is specifically
expressed in TRMs in the kidney, brain, and other organs (19).
Under steady-state conditions in the renal environment, KTRMs
constitute the largest proportions of renal leukocytes. They help to
maintain the renal homeostasis by undergoing in situ proliferation
and functioning through the CX3cr1/CX3CL1 axis. However, when
KTRMs are depleted under pathological conditions, the KTRM
pool can be reconstituted by bone marrow-derived monocytes,
macrophages, and dendritic cell precursors (20-22). Mononuclear
macrophages derived from monocyte-derived precursors (MDP)
exhibit high expression of lysozyme (Lysm), while the expression of
Lysm is downregulated in the differentiated, mature and long-term
surviving KTRMs. Therefore, Lysm can be utilized to differentiate
between newly-formed KTRMs derived from bone marrow
precursor cells and the long-term surviving KTRMs. The
expression of interferon regulatory factor 4 (Irf4) is essential for
the differentiation of macrophage across all tissues induced by
granulocyte-macrophage colony-stimulating factor (GM-CSF).
The differentiation of bone marrow-derived TRMs into KTRMs is
dependent on the fatty acid metabolism pathway mediated by fatty
acid-binding protein 5 (FABP5) (23). Furthermore, interleukin 4
(IL-4), a key cytokine for TH2 response, can also promote the self-
renewal and accumulation of TRMs (24). Taken together, the origin
and location of KTRMs are tissue-specific and regulated through
complicated mechanisms.

2.2 Phenotypic characteristics of KTRMs

F4/80 and CD11b are commonly used markers to identify the
monocyte-macrophage system in mice. Within the kidney, BMRMs
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typically exhibit high expression of CD11b and low expression of F4/
80. In contrast, KTRMs represent a distinct subpopulation
characterized by low expression of CD11b and high expression of
F4/80 (5). Additionally, surface markers such as CD11c can further
categorize the mononuclear phagocytes (MPCs) resident in mouse
kidney tissue into five discrete subgroups: CD11b™"CD11c"e"
(MPC1), CD11bM8"CD11°% (MPC2), CD11b™CD11c™ (MPC3),
CD11b"°¥CD11c™8" (MPC4), and CD11b CD11c™ (MPC5). Each of
these subgroups exhibits distinct lineages and functions; for instance,
MPC1 may play a role in initiating or regulating immune responses,
while MPC2 demonstrates the highest phagocytic ability. MPC3 is
the most abundant subgroup and is capable of producing high levels
of the anti-inflammatory cytokine IL-10. MPC4 primarily
participates in antigen presentation and the regulation of T-cell
response, whereas MPC5 expresses transcription factors associated
with dendritic cell development and immune regulation (25).
Moreover, scRNA-seq analysis reveals that KTRMs in both rats
and humans express the key surface markers CD74 and CD81 (26).
This finding further validates the reliability of CD74 and CD8I as
specific markers for identifying and confirming the presence of
human KTRMs, providing a critical foundation for in-depth
investigation into their functional characteristics. Notably, Stusies
have shown that during mouse kidney development, KTRMs lack
histocompatibility complex class II (MHC II) expression before
postnatal day 7 (P7) and are even negative for MHC II before
embryonic day 14.5 (E14.5). They mature between P7 and P14,
during which the proportion of KTRMs expressing MHC II
significantly increases (20). Therefore, high expression of MHC II
can serve as a marker for the maturity of KTRMs. Alongside MHC II
expression, the expression of T cell immunoglobulin and mucin
domain 4 (TIM-4) and the MER receptor tyrosine kinase (MERTK)
in KTRMs also transfroms from positive to negative (27). FcyR-
mediated phagocytosis is one of the most direct and effective
mechanisms of immune clearance within the immune system. It
has been revealed that all subtypes of Fcy receptors (FcyRs) are
expressed in KTRMs, with FcyRIV being the most highly expressed
subtype (16). KTRMs exhibit up-regulated expression of MerTK,
FoyRI, FcyRI/IL, and FeyRIV under pathological conditions, such as
acute kidney injury (AKI) (20). These findings have suggested specific
surface molecules can be utilized to differentiate between BMRMs
and KTRMs. Furthermore, the dysregulated expression of MHC II
and the activation of FcyRs suggest that KTRMs possess immune
regulatory functions, including the uptake of immune complexes and
antigen presentation. Notably, scRNA-Seq transcriptomic profiling
reveals that KTRMs highly express genes associated with matrix
protein synthesis, such as Col4al, Col4a2, Lama3, and Lamb2, which
are critical for the maintenance of glomerular basement membranes
and interstitial structures. In contrast, BMDMs predominantly
express pro-inflammatory genes, including Cxcl9 and Nos2 (28).
Moreover, KTRMs exhibit a distinct gene expression pattern
characterized by MRC1™$"HLA-DR"®", distinguishing them from
TRMs derived from other organs or BMDMs (29).

In the early stages of kidney development, KTRMs arrive at the
kidney alongside newly formed blood vessels. They play a crucial
role in clearing the misplaced glomerular progenitor cells through
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pinocytosis, which is essential for normal kidney development.
Additionally, KTRMs produce angiogenesis-related molecules
while spatially establishing connections with the renal blood
vessels (30). This close interaction involves the phagocytic
functions of vascular endothelial cells and intravascular blood
cells, promoting the formation of connections among vascular
endothelial cells and facilitating the establishment of a distinct
vascular network in the kidney.

Colony-stimulating factor 1 (CSF-1) is the primary cytokine
regulating the proliferation and differentiation of KTRMs by
binding to the cell membrane receptor CSFIR. KTRMs stimulate
the branching morphology of the ureteral bud and nephron
formation through the CSF-1/CSFIR signaling pathway, thereby
promoting kidney development (31, 32). In the homeostasis of
mature kidneys, KITRMs are primarily responsible for monitoring
the microvascular environment by regulating specific mediators,
particularly the proteins and particles ranging from 20 to 700 kDa,
or 10 to 200 nm, that enter the renal interstitium through vesicular
transendothelial transport. Consequently, KITRMs can promptly
initiate immune responses against infectious particles or immune
complexes that enter the kidneys (17). Furthermore, compared to
BMRMs, KTRMs exhibit a greater capacity for energy production
through glycolysis and the mitochondrial oxidative respiratory
chain, enhancing their ability to clear immune complexes and
increasing the sensitivity to immune attacks (19). In summary,
KTRMs are not only integral to the kidney development, but
perform immune surveillance and maintain the homeostasis of

the kidney microenvironment.

2.3 Pathophysiological roles of KTRM in
renal injury-repair continuum

2.3.1 Pathological activation of KTRM in AKI
subtypes

AKI is a syndrome characterized by a rapid loss of kidney
function. AKI is often attributed to extrarenal factors and is
commonly classified based on its underlying causes (33, 34). For
instance, ischemia-reperfusion injury (IRI) results from an acute
interruption or significant reduction of blood flow in the renal
vessels. Obstructive AKI is caused by urinary tract obstruction.
Nephrotoxic AKI arises from exposure to nephrotoxic substances,
while infection-related AKI is induced by systemic or local
infections (35-38). A primary factor that exacerbates tissue
damage in AKI is the macrophage-mediated inflammatory
response (39, 40). Upon the onset of AKI, KTRMs are the first
cells activated in response to signals indicating kidney injury,
usually leading to changes to their spatial positioning.
Concurrently, these macrophages enhance the inflammatory
response by adopting a pro-inflammatory phenotype, thereby
responding to triggers of renal injuries. The roles of KTRMs in
different types of AKI will be discussed in details as follows.

A previous study has identified seven distinct subpopulations of
KTRMs located in various nephron-enriched regions through single
cell RNA sequence (scRNAseq) and spatial transcriptomic analysis

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1548053
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Qu et al.

of KTRMs from both quiescent (uninjured) mice and those
subjected to bilateral ischemia-reperfusion injury (BIRI) (41). The
transcriptomic characteristics of these KTRM subgroups suggest
their involvement in several functions, such as the type I interferon
response, heme/iron metabolism, inflammation, and antibacterial
responses. Following acute ischemic injury, the transcriptional
programming and spatial distribution of each KTRM subgroup
undergo significant changes. For instance, one subpopulation of
KTRMs originally located in the medulla relocates to the cortical
area after injury. Additionally, certain subpopulations express
inflammation-regulating genes, such as CXCL2, CCL3, and CCL4,
as well as fibrosis-related genes like Pf4 and CD206 (41). Notably,
these alterations persist for at least 28 days, suggesting that during
AKI, KTRMs respond to renal tissue damage through
transcriptomic reprogramming and changes in localization.
Furthermore, RNA velocity analysis using Monocle2 reveals that
the expression of repair-associated genes, such as Vegfa, is
upregulated in Mertk" KTRMs in the early stages of injury,
thereby promoting the angiogenesis and tissue repair (42). This
shift enables KTRMs to restore the homeostasis by regulating
extracellular matrix (ECM) remodeling and fibrosis.

KTRM s play a crucial role in combating kidney infections caused
by Candida. KIRMs can internalize Candida conidia through
phagocytosis and employ endogenous killing mechanisms (43).
Additionally, KTRMs secrete Cxcl2 in an autophagy-dependent
manner, recruit neutrophils, and perform essential functions related
to anti-infection and immune surveillance (43). In 2021, Yi Juan Teo
et al. found a subpopulation of CD169" KTRMs that enhanced host
resistance by promoting the release of IFN-y and increasing reactive
oxygen species (ROS) in neutrophils during acute systemic
candidiasis (44). Furthermore, the antifungal activity of KTRMs is
regulated by integrin 0Xf32, which not only contributes to their anti-
infectious effects but also helps prevent kidney tissue damage
associated with Candida infection (45).

TNF-a. is the primary pro-inflammatory cytokine implicated in
the progression of various diseases. It can induce renal damage
associated with sepsis and exacerbate podocyte injury, leading to a
decline in renal function (46). It has been well demonstrated that in a
purulent AKT mouse model induced by cecal ligation and puncture
(CLP), both Ly6C* monocyte-derived macrophages and Ly6C
KTRMs exhibit characteristics of M1 polarization, as evidenced by
high expression levels of CD80 (47). Consequently, during the early
stages of inflammation, the activated KTRMs can produce substantial
amounts of ROS and TNF-o, which activate monocyte-derived
macrophages to combat pathogenic bacterial infections. However,
the abandunt inflammatory response also significantly contributes to
septic AKI. This study found that CRP peptide can bind to FcyRI on
the surface of KTRMs, thereby regulating the excessive activation of
these macrophages during late inflammation, which decreases levels
of ROS and TNF-q, ultimately mitigating kidney damage (47).
Furthermore, long-term exposure to PM2.5 significantly promotes
the release of TNF-o via the inactive rhomboid protein 2 (iRhomz2)/
TACE/TNF-o signaling axis in KTRMs, contributing to podocyte
damage and the deterioration of renal function and thereby
exacerbating the progression of renal injury (48).
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Heat stress-related AKI is associated with reduced levels of
carnitine and damage to the fatty acid oxidation (FAO) pathway. In
this type of kidney injury, there is not only a shift of KTRMs to the
M1 pro-inflammatory phenotype but also a reduction in the overall
number of KTRMs, which contributes to the progression of renal
injury and ultimately renal fibrosis (49). However, the application of
L-carnitine can prevent kidney damage by enhancing the FAO
pathway and mitigating the pro-inflammatory polarization
of KTRM:s.

In summary, these studies have demonstrated that KTRMs and
BMRMs exhibit synergistic pro-inflammatory eftects in response to
various types of kidney injury. Additionally, KTRMs can be
activated through multiple pathways, exacerbating the
inflammatory response that lead to kidney tissue damages.
Targeted inhibition of KTRM activation facilitates a phenotypic
transition to M2 macrophage phenotype, promoting the kidneys’
recovery and aiding in the transition to a post-injury repair state.
This approach may represent a promising strategy for the treatment
of kidney injury.

2.3.2 Mechanisms of KTRMs during post-AKI
tissue restoration

Renal tubular epithelial injury resulting from macrophage-
mediated immune activation and inflammatory response is the
primary manifestation of AKI. Macrophages exhibit both pro-
inflammatory (M1, classical activation) and tissue repair (M2,
alternative activation) phenotypes during AKI, suggesting their
bidirectional effects (50). As key players in the intricate processes
of kidney injury and repair, KTRMs demonstrate both pathogenic
and protective roles. KTRMs are essential for maintaining kidney
homeostasis. Their functions are influenced by phenotypic
transformation, which is driven by various cytokines and
activation pathways. This transformation stimulates the
proliferation of renal tubular epithelial cells, mitigates renal
inflammatory responses, and facilitates the overall repair process
in AKIL

Colony-stimulating factor-1 (CSE-1), produced by the renal
proximal tubule, plays a crucial role in mediating the repair of AKI.
As the extent of cell necrosis and apoptosis in the damaged kidney
increases, CSF-1 promotes the proliferation of KTRMs and
dendritic cells, facilitating a phenotypic transition from M1 (pro-
inflammatory) to M2 (tissue repair) (50-52). Concurrently, the
proliferative activity of renal tubular cells increases. These actions
collectively inhibit the spread of inflammation, support the
progression of renal injury into the repair stage, and may even
contribute to renal interstitial fibrosis in the later stages of AKI (50—
52). Furthermore, studies have confirmed that CSF-1 exerts a
nutritional effect on the development of kidney embryos, which is
also involved in tissue repair following kidney injury (32).

In 2019, Jeremie M. Lever and the colleagues have found that
KTRMs undergo transcriptional reprogramming to the MHCII™
KTRMs developmental phenotype following AKI (20). This
reprogramming is beneficial for mitigating inflammation and
promoting kidney damage reduction and tissue healing. In the
context of renal injury induced by cisplatin, KTRMs respond to
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injury signals by upregulating the PGE2 receptors Ptger2 (EP2) and
Ptger4 (EP4) (27). This response is associated with the
downregulation of MHCII expression through the prostaglandin
(PG) signaling, which reduces renal inflammation and prevents
excessive immune activation (27). Furthermore, KTRMs can
facilitate kidney repair following injury by upregulating the ligand
Wnt4, the receptor Fzdl, and the co-receptor Lrp6, thereby
activating the Wnt/B-catenin signaling pathway (20). In ischemia-
reperfusion injury-associated AKI (IRI-AKI), CD169" KTRMs
directly interact with renal blood vessels, leading to reduced
expression of intercellular adhesion molecule-1 (ICAM-1) on the
vascular endothelial cells. This interaction helps prevent excessive
inflammatory responses by inhibiting neutrophil accumulation
(53). ScRNAseq data from previous studies have implicated that
KTRMs are enriched in pathways associated with classical
macrophages, such as antigen processing and presentation (54).
Accordingly, KTRMs exhibit functional synergy with BMRMs.
Besides, some other research has demonstrated that KTRMs and
BMRMs play complementary roles during IRI, particularly in the
acute phase of AKI (55). In the early stages of renal injury, KTRMs
rapidly respond to local damage, regulating inflammation through
phagocytosis and the production of anti-inflammatory factors. In
contrast, BMRMs are crucial for initiating and amplifying the
inflammatory response. In the later stages of renal injury, KTRMs
contribute to the stability of renal microenvironment and promote
the migration and differentiation of myeloid cells. Additionally,
BMRMs can transform into the repair phenotype, facilitating tissue
repair by generating growth factors and enhancing cell proliferation
(55). This process is vital for balancing kidney inflammation and
repair mechanisms, thus maintaining kidney function and
promoting recovery after injury. Taken together, KTRMs can
synergize with classical macrophages to respond to renal injury
and facilitate tissue repair alongside BMRMs. However, this
interaction may be influenced by immune dysregulation following
injury, which is associated with an increased risk of chronic kidney
diseases. In addition, the altering effects of BMRMs and KTRM:s on
renal injury and repair have been well documented previously. The
transcriptomic profiling and flow cytometric analyses have
highlighted KTRMs displayed markedly higher expression of the
inhibitory immune checkpoint molecule V-domain Ig suppressor of
T-cell activation (VISTA) compared to BMDMs in the IRI mouse
model, and the VISTA*KTRMs are shown to play a pivotal role in
accelerating tissue repair by the efficient clearance of apoptotic cells
and robust inhibition of T cell activation and proliferation in IRI
(56). Nonetheless, BMDMs are demonstrated to predominantly
function in the early stage of inflammatory response via
upregulating the expression of inflammation-related genes, such
as Ly6c2 and Ccr2, while BMDMs possess relatively limited capacity
for tissue repair (56). These findings have underscored the different
roles of BMRMs and KTRMs in regulating renal injury and repair

In a renal injury model of unilateral ureteral obstruction (UUO),
researchers observed that the apoptotic KTRMs produce milk fat
globule epidermal growth factor 8 (MFG-E8). It regulates the
reprogramming of anti-inflammatory macrophages and promotes
the accumulation of CD206" M2 macrophages, which inhibits the
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activation of the NLRP3 inflammasome and the release of pro-
inflammatory cytokines, ultimately alleviating kidney tissue damage
(57). KTRMs are also activated in kidney allografts, where they
mediate acute rejection and contribute to kidney injury (58, 59).
However, following cold ischemia (CI)-induced renal
transplantation-related AKI and reversible IRI, F4/80" CD11c"
KTRMs upregulate the expression of the surface molecule IL-1RS,
thereby inhibiting TLR4 activation and prompting KTRMs to
transform to M2-type macropages. KTRMs play a crucial role in
preventing graft fibrosis and abnormal humoral immune response by
maintaining the balance between pro-inflammatory and anti-
inflammatory/reparative macrophage responses (60). In heat stress-
related AKI, heat acclimation (HA) can induce the expression of heat
shock protein 70 (HSP 70) in KTRMs. HSP 70 plays a critical role in
inhibiting the apoptosis of KTRMSs, promoting the repair of renal
tubular damage, and reducing the severity of AKI (61). This
underscores the potential of KTRMs as a promising target for
therapeutic interventions in heat stress-related AKI.

All these findings have strongly support that KTRMs possess
significant tissue repair capabilities as a resident cell population in
the kidney. Following kidney injury, the activation of KTRMs
facilitates the transition of kidney tissue into a repair state. This
process is primarily linked to the reprogramming of KTRMs into
the M2 anti-inflammatory phenotype and their interaction
with BMRMs.

2.4 Crosstalk between KTRMs and other
cells in renal networks

2.4.1 Interaction of KTRMs with renal
parenchymal cells

During the establishment of the immune landscape of human
kidney, tissue-resident myeloid and lymphoid immune cell
networks acquire anti-infection-related transcriptional programs
after birth. Notably, the interactions between the epithelial cells
and immune cells orchestrate the localization of KTRMs in areas of
the kidney that are particularly vulnerable (62). This localization
enables KTRMs to perform essential functions related to
homeostasis maintenance and defense against infections. KTRMs
located in the renal medulla interact with the extracellular matrix
proteins of renal tubular epithelial cell (TEC) through integrin
heterodimers a9B1 and 05f1, forming transepithelial protrusions
that extend deep into the renal tubule lumen. This interaction
allows for the monitoring and removal of urine particles, thereby
preventing tubular obstruction and the formation of kidney stones
(63, 64). Additionally, KTRMs are localized on the luminal side of
peritubular capillaries, allowing them to create a kidney-specific
anatomical and functional unit with peritubular endothelial cells.
This interaction is crucial for initiating the inflammatory response
triggered by small immune complexes in the kidney. The structure
relationship between KTRMs and endothelial cells enables KTRMs
to monitor and phagocytose circulating immune complexes that
cross the endothelial barrier into the renal interstitium (17).
Simultaneously, they activate FcgRIV-dependent inflammatory
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responses and recruit monocytes and neutrophils. Furthermore,
when immune complexes contain nucleic acids, the FcgRIV-
dependent cellular immune response can synergistically activate
KTRMs through the TLR-Myd88 pathway (17). In heart failure, the
dynamic coordination between the heart and kidneys plays a crucial
role in the heart’s adaptive response to pressure stress. CSF2 is a key
cytokine produced through intercellular interactions among the
activated collecting duct (CD) epithelial cells, tissue macrophages,
and endothelial cells within the kidney (65). Renal CD cells exhibit
elevated expression of S100A8 and S100A9 in response to
transverse aortic constriction (TAC), which promotes the
activation of KTRMs to produce TNF-o. In turn, TNF-o
stimulates renal endothelial to produce CSF2. The interaction
between KTRMs and renal interstitial cells contributes to the
establishment of a heart-kidney regulatory network that supports
adaptive immunity in response to cardiac stress (65). This suggests
that KTRMs can exert immune functions by forming specific

10.3389/fimmu.2025.1548053

connections with kidney tissue cells, thereby regulating immunity
and maintaining the homeostasis in kidneys (Figure 1).

2.4.2 Interaction of KTRMs with other renal
immune cells

In addition to establishing connections with kidney tissue cells to
jointly maintain kidney homeostasis, KIRMs also interact with other
immune cells to regulate the kidney microenvironment. Studies have
confirmed that TRMs possess immunomodulatory effects. For
instance, naive tissue-resident large-cavity macrophages (LCMs) can
be modulated by type 2 helper T cells (Th2) in pleurisy induced by
nematode infection (66). Th2 cells promote the migration of
monocytes to LCMs by releasing Th2-type cytokines, particularly IL-
13 and IL-4 (66). This immunomodulatory function of KTRMs is
further supported by evidence from various kidney diseases.

Activated T lymphocytes play a crucial role in tissue damage
associated with nephrotoxic nephritis. KTRMs can recruit the
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repair. KTRMs also secrete IL-10 to stimulate the differentiation of regulatory T cells. Moreover, the predominant B-1a subpopulation of kidney
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activated CD4" T cells in the kidney, which is linked to the
progression of crescentic nephritis (67). The severity of lupus
nephritis (LN), a common complication of systemic lupus
erythematosus (SLE), is closely associated with tissue-resident
memory CD8" T cells. Interleukin-15 (IL-15) produced by
KTRMs induces the proliferation and activation of tissue-resident
memory CD8" T cells via activating the IL-15/IL-15R/STAT3
signaling pathway (68). However, the interaction between KTRMs
and tissue-resident memory CD8" T cells can be inhibited by Zhen-
Wu-Tang (ZWT) (68). ZWT not only suppresses the expression of
IL-15 in KTRMs but also reduces the phosphorylation of STAT3
and CD122 (IL-2/IL-15Rp) in tissue-resident memory CD8" T cells.
This inhibition blocks the activation of the JAK/STAT signaling
pathway, thereby suppressing the proliferation and activation of
both KTRMs and tissue-resident memory CD8" T cells, ultimately
preventing the progression of LN (68).

In mice with AKI, tissue-resident regulatory T cells (Tregs)
exhibit distinct transcriptional characteristics at various stages.
During the fibrosis stage of renal injury, Tregs primarily
upregulate the expression of genes associated with inflammation
and apoptosis. In contrast, there is an upregulation of angiogenesis-
related genes during the repair stage. Throughout the repair process
in AKI, tissue-resident Tregs play a crucial role in preventing the
spread of inflammation and promoting tissue repair by facilitating
the transition of KTRMs to the M2 phenotype. Moreover, some
studies have indicated that KTRMs can secrete the anti-
inflammatory cytokine IL-10, which stimulates the differentiation
of regulatory T cells and coordinates the recruitment of
inflammatory cells in the context of renal injury (25, 27).

B-1a cells represent the primary subpopulation of tissue-resident B
cells and play a crucial role in regulating the metabolic and functional
status of KTRMs through the production of IL-10 (69). IL-10 induces
the transformation of KTRMs into an M2 anti-inflammatory
phenotype. By enhancing the expression of genes associated with the
oxidative phosphorylation (OXPHOS), B-1a cells inhibit both the
phagocytosis and the production of monocyte-recruiting chemokines
by KTRMs, specifically CCL2, CCL3, and CCL4 (69).

In summary, the renal microenvironment features a distinct
connection between KTRMs and renal interstitial cells, as well as a
reciprocal regulatory interaction between KTRMs and various types
of immune cells within the renal immune cell pool. This intricate
interaction mediates the recruitment and development of
inflammatory cells, leading to phenotypic changes in KTRMs that
ultimately influence the progression of kidney disease (Figure 1).

3 Functional mechanisms of KTRMs in
renal pathology

3.1 KTRMs in immune nephritis: regulation
of inflammation and autoantibodies
production

Studies have shown that KTRMs are located between the
capillary endothelium, the canalicular basement membrane, and
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Bowman’s capsule. They mediate the uptake of immune complexes
through FcyRIV, triggering macrophage activation, the production
of inflammatory factors, such as TNF-c, and the recruitment of
infiltrating monocytes and neutrophils (70). In the MRL-Lpr SLE
mouse model, a significant increased proportion of KTRMs is
observed in lupus nephritis (LN) tissues, with a notable
distribution in the renal cortex and clear evidence of glomerular
encapsulation (71). KTRM:s not only secrete monocyte chemotactic
factors, CCL4 and CCL8, to promote the recruitment of renal
leukocytes but also produce B cell tissue niche factors, such as
BAFF. This supports the formation of tertiary lymphoid structures
containing B/plasma cell aggregates that produce local
autoantibodies (71). These findings have implicated that in LN,
KTRMs primarily play a role in coordinating the recruitment of
inflammatory cells.

It has been found that mesenchymal stem cells (MSCs) can
regulate the renal immune microenvironment and increase the
proportion of KTRMs (72). When applying MSCs treatment, new
KTRMs can be derived from pro-inflammatory monocytes and
macrophages, but exerting significant anti-inflammatory effects
(72). This reveals that MSC has a considerable regulatory effect
on KTRMs and effectively inhibits the progression of LN.
Furthermore, nuclear factor-kB (NF-kB) has been identified as a
crucial inflammatory transcription factor in KTRMs (73). The
activation of NF-kB signaling plays a pivotal role in the immune
complex-mediated renal inflammation and glomerulonephritis.
Additionally, in a tyrosine phosphatase-1 (Shp1l)-CKO mouse
model of autoimmune nephritis, it has been demonstrated that
Shpl, as a negative regulator of the M-CSF signaling pathway, can
inhibit the proliferation and activation of KTRMs, thereby
suppressing autoimmunity and the development of nephritis (74).
All these findings have suggested that KTRMs can exacerbate renal
tissue damage in LN through inflammatory activation pathways.
Consequently, targeting KTRMs is a promising therapeutic strategy
for managing immunoinflammatory nephropathy.

3.2 KTRMs in diabetic nephropathy:
metabolic dysregulation and inflammatory
cascades response

The progression of diabetic nephropathy (DN) is characterized
by immune cell-mediated renal inflammation and fibrosis. A
significant contributor to the worsening of DN is the activation of
Toll-like receptor 9 (TLRY) and the downregulation of superoxide
dismutase 2 (SOD2), which leads to mitochondrial dysfunction. In a
high-glucose environment, KITRMs establish a detrimental feedback
loop with renal tubular epithelial cells and other immune cells. Under
the influence of advanced glycation end products (AGEs), KTRMs
release damage-associated molecular patterns (DMAPs), resulting in
complement activation and the release of inflammation-related
mediators, such as IL-1f, IL-6, and IL-10 (75, 76). Besides, the high
glucose environment prompts renal tubular epithelial cells to
upregulate the expression of CCL2 and M-CSF1, leading to KTRM
dysfunction and the activation of immune cells and thereby
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accelerating the progression of DN (75, 76). In 2022, Seigo Ito et al.
have discovered that in obesity-induced DN mice (db/db), KTRMs
exhibit elevated expression of TLR9 (77). Furthermore, increased
levels of cytoplasmic mitochondrial DNA (mtDNA) can enhance the
production of mitochondrial reactive oxygen species (mtROS) and
the expression of TNF-o. in KTRMs through the activation of the
TLR9-MyD88 signaling pathway, thereby exacerbating the
inflammatory response and tissue damage in DN (77). However,
the application of L-carnitine has been shown to effectively enhance
mitochondrial function, mitigate renal tubular damage, and
downregulate TLR9 expression in KTRMs, thereby reducing the
severity of DN (77). The scRNA-seq analyses of renal immune cells
in both normal and OVE26 diabetic mice have demonstrated that
KTRMs in normal mice were primarily characterized by TREM2"&"
and Mrc1™#" subpopulations, which mediated tissue repair and anti-
inflammatory responses, respectively (78). Conversely, in OVE26
diabetic mice, there is a notable increase in the TREM2"8® KTRMs
alongside a reduction in the Mrc1"8" KTRMs (78). These
observations indicate that KTRMs undergo a dynamic phenotypic
shift from an anti-inflammatory state to a pro-inflammatory state,
suggesting a tissue-repair phenotype during the pathogenesis of DN.
This phenotypic plasticity may represent a critical mechanism
underlying the repair process in DN. These studies have confirmed
that KTRMs play critical roles in the regulation of DN. The activation
of KTRMs is essential for the recruitment of inflammatory cells to
renal tissues and for addressing the specific needs of the renal
microenvironment under pathological conditions. This area of
research is currently highly active, highlighting the importance of
KTRMs in renal inflammation and their potential as
therapeutic targets.

3.3 Dual roles and targeting potentials of
KTRMs in renal fibrosis

Tubulointerstitial fibrosis is the primary manifestation of renal
fibrosis, characterized by the loss of renal tubular epithelium, along
with the activation and accumulation of fibroblasts and a-smooth
muscle actin (a-SMA)-positive interstitial myofibroblasts. This
pathological process results in the deposition of extracellular
matrix (ECM) proteins. Most myofibroblasts originate from the
epithelial-mesenchymal transition (EMT) of renal tubular epithelial
cells, with transforming growth factor-beta 1 (TGF-f1) serving as
the principal regulatory factor that induces EMT. TGF-1 mediates
the downregulation of E-cadherin and the upregulation of a-SMA
through the TGF-B1/Spl/Smad signaling pathway (79).
Additionally, NF-xB functions as a crucial transcription factor in
the induction of tubulointerstitial fibrosis. Its activation promotes
the expression of pro-inflammatory mediators, such as TNF-a, IL-
1B and vascular cell adhesion molecule-1 (VCAM-1) (79). In the
unilateral ureteral obstruction (UUQO) renal fibrosis model, three
macrophage populations have been identified in kidney tissues, all
originating from the Ly6C™®" bone marrow-derived monocytes
(80). Among these, Ly6C'*"-KTRMs exhibit a pro-fibrotic M2-like
phenotype. These KTRMs are capable of secreting cytokines, such
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as IGF-1, which promote the progression of fibrosis through the
paracrine signaling to fibroblasts (80). Research on progressive
kidney injury in mice with crescentic glomerulonephritis (CGN)
has suggested KTRMs play an important role in regulating the
proliferation and apoptosis of renal myofibroblasts (67). They
inhibit the activity of collagenase MMP-13 by regulating the
expression of tissue inhibitors of metalloproteinases (TIMPs),
thereby maintaining a high turnover state of renal myofibroblasts
and collagen III deposition (67) (Figure 2). This activity contributes
to an increase in both the quantity of glomerular crescents and the
extent of scarring.

In hypercholesterolemic nephropathy, KITRMs are the primary
cell type expressing the nicotinic acetylcholine receptor ol
(nAChRol). As an upstream protein, nAChRal regulates the
expression and activation of calpain-1, subsequently facilitating the
TGE-B1/Sp1/Smad signaling pathway (81). The signal axis
contributes to the loss of integrity in both glomerular and tubular
basement membranes, as well as an increase in o.-smooth muscle cell
(0-SMC)™ fibroblasts (81) (Figure 2). Kidney damage induced by
low-dose cisplatin can easily progress to renal fibrosis in later stages.
The study by Sophia M. Sears and the colleagues has reported that
liposome-encapsulated clodronate effectively delays the progression
of renal fibrosis by depleting KTRMs and CD206" M2 macrophages,
thereby reducing collagen deposition, myofibroblast accumulation,
and the production of inflammatory cytokines (82). During kidney
injury and repair, granulocyte-macrophage colony-stimulating factor
(GM-CSF) is continuously expressed by renal tubular epithelial cells.
GM-CSF significantly upregulates the expression of monocyte
chemoattractant protein-1 (MCP-1) and its receptor CCR2 in renal
macrophages (83). The activation of the GM-CSF/MCP-1/CCR2
signaling pathway prolongs the survival of renal macrophages,
induces the accumulation of myofibroblasts, and promotes the
development of renal fibrosis (83). Furthermore, interleukin 17
receptor A (IL-17RA) is involved in KTRMs-mediated renal
fibrosis, which not only recruits the innate immune cells through
the IL-17/IL-17RA signaling pathway but also influences the
formation of tissue macrophages (84) (Figure 2). The activation of
IL-17/IL-17RA signaling pathway in KTRMs contributes to the
progression of renal inflammation and fibrosis.

In summary, all these findings support that KRTMs promote
the progression of fibrosis by regulating the renal tissue
homeostasis. KTRMs primarily mediate the accumulation and
activation of fibroblasts via the paracrine signaling pathway,
ultimately driving renal tissue toward fibrosis. Understanding the
mechanisms to restore the homeostasis of KITRMs could provide
valuable insights for the treatment of renal fibrosis.

3.4 KTRMs in shaping tumor immune
microenvironment in renal carcinoma

Clear cell renal cell carcinoma (ccRCC) is a multicellular
ecosystem, in which KTRMs significantly influence the
composition of the immune microenvironment and contribute to
the heterogeneity of ccRCC (85, 86). Dorothee Brech et al. have found
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KTRMs and renal fibrosis. The development of renal fibrosis is associated with KTRMs that induce the proliferation and activation of fibroblasts. In
UUO, KTRMs regulate renal fibrosis by secreting IGF-1. In CGN, KTRMs promot fibroblast proliferation by releasing tissue inhibitors of Timp to inhibit
mmp-13 activity. In hypercholesterolemic nephropathy, calpain-1/nAChRal in KTRMs activates the TGF-B1/Spl/Smad signaling pathway to induce
fibroblast activation. In cisplatin-mediated renal injury, renal tubular epithelial cells secrete GM-CSF, which activates KTRMs, leading to the
upregulation of MCP-1 and CCR2. Additionally, the activation of IL-17 signaling promotes the recruitment and activation of myofibroblasts and

immune cells, ultimately contributing to the progression of renal fibrosis.

a subpopulation of dendritic cells termed “enriched-in-renal cell
carcinoma” (erc) DCs within ccRCC (87). Transcriptional profiling
analysis classified ercDCs as KTRMs, revealing their co-expression of
both M1 and M2 markers. This unique chimeric cell type exhibits
characteristics associated with tissue remodeling and immune
regulation. Further studies have shown that KTRMs play a
significant regulatory role in the tumor microenvironment of
ccRCC (88). They enhance the expression of novel immune
checkpoint genes, HAVCR2 and LAG3, highlighting their
involvement in tumor immune escape. Furthermore, the presence
of exhausted CD8" T cells in proximity to KTRMs suggests that these
cells are actively engaged in modulating the immune
microenvironment of ccRCC, thereby promoting its progression (89).

3.5 Thrombo-inflammatory transition of
KTRMs in hemolytic uremic syndrome

Enterohemorrhagic Escherichia coli infection is the primary
pathogen responsible for hemolytic uremic syndrome (HUS), with
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the Shiga toxin it produces leading to thrombotic microangiopathy
in the kidneys (90). In a STC-hus mouse model, it has been
observed that during the onset of HUS, KTRMs are activated and
transformed to the MI-type macrophages. The upregulation of
TNF-o. and neutrophil chemotactic factors Cxcll and Cxcl2 in
KTRMs not only contributes to damage in endothelial cells and
platelets but also exacerbates the recruitment and activation of
neutrophils. Consequently, the activation of KTRMs emerges as a
key factor in the renal injury associated with HUS (91). These
findings suggest that the activation of KTRMs intensifies the
inflammatory response, leading to further damages to renal tissues.

3.6 Epithelial-mesenchymal signaling
regulated by KTRMs in renal cysts

The study by Kurt A. Zimmerman et al. has demonstrated that
KTRMs transitioned from CD11¢"°" to CD11c"8" isoforms during
kidney maturation post-birth in mice (92). However, In the context
of renal injury, ciliary mutant mice, which lack cilia, exhibit a
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proliferation of juvenile-like CD11c"*" isoform KTRMs (92). These
cells accumulate in the vicinity of epithelial-derived renal cysts,
resulting in the rapid formation of renal cysts. These manifestations
of KTRMs are driven by the local paracrine and juxtacrine signaling
pathway involving membrane-bound CSF1 (mbCSF1) and its
receptor CSFIR in injured renal proximal tubule epithelial cells
(92). Furthermore, in 2023, Randee Sedaka et al. reported that a
high-protein diet resulted in the upregulation of SNAT3 and
PEPCK in renal tubular epithelial cells, enhancing glutamine
delivery to the kidneys and subsequently triggering renal
hypertrophy (93). The injury-induced signals responsible for
kidney hypertrophy are the primary factors in the proliferation
and activation of KTRMs, which are further associated with the
accumulation of KTRMs and the development of renal cysts (93).
This indicates that while the progression of renal cysts is dependent
on the activation of KTRMs, KTRMs themselves are not the
initiating factor in the formation of these cysts.

In summary, KTRMs with different phenotypic characteristics
play crucial roles in various types of kidney diseases (Table 1). In the
early stages of the disease, KTRMs typically exhibit an M1 pro-
inflammatory phenotype, characterized by the production of
various inflammatory factors and chemokines that induce
increased recruitment of inflammatory cells into kidneys. In
contrast, during the later stages, KTRMs may undergo
transcriptional reprogramming to an anti-inflammatory M2
phenotype, facilitating tissue repair and fibrosis in the kidneys.
Moreover, the mutual regulation between KTRMs and other cell
types in the kidney is also essential in the progression of kidney
disease. Accordingly, the targeted regulation of KITRMs represents a
promising avenue for immunotherapy in renal diseases and holds
significant potential for future therapeutic research.

4 Precision therapy targeting KTRMs
4.1 Depletion of KTRMs

In recent years, the treatment strategies targeting KTRMs have
garnered significant attention due to their central role in AKI and
fibrosis. Studies have shown that the application of CSF1 receptor
inhibitor PLX3397 significantly reduced cisplatin-induced tubular
injury and fibrosis through the targeted ablation of KTRMs (94).
Notably, the use of CRISPR/Cas9 technology to knock out the FIRE
sequence of the CSF1R gene in mice can achieve complete ablation
of KTRMs, without significant developmental defects (95).
However, the long-term depletion of KITRMs may disrupt renal
immune surveillance, and its safety still requires systematic
evaluation. Further studies have revealed that the aldosterone
antagonist esaxerenone exerted inhibitory effects on KTRM
proliferation and M1 polarization by blocking the glucocorticoid
receptor (MR)/CSF1 pathway, demonstrating the unique
therapeutic advantages in the model of aldosterone-induced
kidney injury (96). In the field of transplant immunology,
blocking the CCL8-CCRS8 signaling axis of KTRMs using
anti-CCL8 mAb and anti-CCR8 mAbD, or directly depleting
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KTRMs can significantly suppress the early allograft
inflammatory response and reduce T cell infiltration, providing
new insights into improving the survival (97). These studies have
collectively suggested the potential use of KTRMs depletion in
treating different diseases, whereas the clinical application
potentials require further in-depth exploration.

4.2 Phenotypic modulation of KTRMs

The dynamic regulation of KTRMs polarization is a critical
factor determining the outcome of kidney injury. In inflammatory
diseases such as LN, the inhibition of the NLRP3/IL-33/ST2/NF-xB
signaling axis in KTRMs using Honokiol not only prevents the
activation of KTRMs but significantly reduces the abnormal
interactions with renal tubular epithelial cells, thereby achieving
the protective effects (98). In the IRI regeneration model, M2-type
KTRMs exhibit high expressions of tissue repair genes such as Argl
and Retnla, and promote microenvironment remodeling by
producing the anti-inflammatory factors, for instance, IL-10 and
TGE-P (99). In contrast, the activation of IFN-P signaling pathway
in KTRMs using IL-37b not only suppresses cyst formation but
downregulates the pro-inflammatory factors such as CXCL1 and
CXCL4, demonstrating the therapeutic potential of metabolic-
immune interaction regulation in the autosomal dominant
polycystic kidney disease (ADPKD) (100). In addition, some
epigenetic regulatory approaches, such as LNA-anti-miR-150, can
reduce the M1 polarization of KITRMs by inhibiting miR-150 and
thereby upregulating SOCS1 expression, leading to decreased
production of pro-inflammatory factors such as IFN-y and IL-6,
and reduced infiltration of bone marrow-derived macrophages in
LN (101). These findings have suggested that precise modulation of
KTRM polarization requires an integrated strategy encompassing
signaling pathway intervention, metabolic reprogramming
regulation, and epigenetic modifications.

4.3 Intervention of monocyte-macrophage
migration by KTRMs

In the early stages of kidney injury, the inflammatory
amplification loop established by KTRMs through the secretion of
chemokines such as CXCL1 and CCL2 has become a research hotspot
for intervention (55). It has been revealed the enhanced glycolysis and
fatty acid oxidation metabolism not only promote the proliferation
and differentiation of KTRMs, but accelerate the migration of
monocyte-derived macrophages through the upregulation of CCL2
and CX3CR1 (102). In the IRI model, the depletion of the gut
microbiota has been demonstrated to significantly inhibit monocyte
migration into the kidney and ameliorate the renal inflammation via
reducing the expressions of CX3CR1 and CCR2, thereby decreasing
the production of chemokines such as MCP-1 and MIP-2o (103).
Therefore, targeting KTRMs by the intervention of monocyte-
macrophage migration may become a critical approach to different
renal diseases.
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TABLE 1 Roles and mechanisms of KTRMs in different renal diseases.

10.3389/fimmu.2025.1548053

Renal diseases Roles (Protective/Detrimental) Molecular mechanisms Refs.
IRI Protective Functions: Early Mertk” KTRMs promote « Upregulation of Vegfa expression (42)
angiogenesis; later, they shift to M2 phenotype for
ECM remodeling and tissue repair.
Damaging Functions: KTRMs spatial distribution « Increased expression of inflammatory genes (CXCL2, (41)
abnormalities promote inflammation and fibrosis. CCL3, CCL4) and activation of fibrosis-related genes
(Pf4, CD206)
Candida-Related AKI Protective Functions: The CD169" subpopulation « Promotion of IFN-y release and ROS activity (44)
enhances the host’s antifungal capacity.
Septic AKI Damaging Functions: The Ly6C* subpopulation « Release of ROS and TNF-a. (47)
undergoes M1 polarization, exacerbating inflammation.
Heat Stress-Related AKI Damaging Functions: KTRMs shift to the M1 (49)
phenotype, decrease in number, and promote
fibrosis progression.
UUO-induced kidney injury Protective Functions: Promote M2 macrophage « Release of MFG-E8 to reduce NLRP3 (57)
accumulation and alleviate renal inflammatory injury. inflammasome activation
Lupus nephritis Damaging Functions: Coordinate the recruitment and « Secretion of CCL4, CCL8 and BAFF (71)
maintenance of inflammatory cells in tertiary lymphoid
follicles to produce local autoantibodies
Diabetic nephropathy Damaging Functions: Form a malignant feedback loop « Hyperglycemic environment induced up-regulation of (75)
with renal tubular epithelial cells and other CCL2, M-CSF1 expression
immune cells.
o Up-regulated AGEs/DMAPs/IL-1p, IL-6 and IL-10 (76)
Increased inflammation and activation of immune cells =« Up-regulated mtDNA/TLR9-MyD88/mtROS and (77)
TNF-o
Renal fibrosis Damaging Functions: Renal destruction and o Up-regulated TGF-B1/Sp1/Smad (81)
Fibroblast accumulation
Fibroblast accumulation and activation « Up-regulated GM-CSF/MCP-1/CCR2 (83)
Recruitment of innate immune cells « Up-regulated IL-17/IL17ra (84)
Clear cell renal cell carcinoma Damaging Functions: Regulates the immune micro- « Up-regulated expression of HAVCR2 and LAG3 and (89)
environment of ccRCC. exhausted CD8+T surround
Hemolytic uremic syndrome Damaging Functions: Damage to endothelial cells and « Up-regulated expression of TNF-c, Cxcll and Cxcl2 91)
platelets; inflammatory cell activation recruitment
Renal cyst Damaging Functions: Neoplastic KTRMs proliferation « Activation of mbCSF1/CSFIR pathway in renal (92)
activation and promotion of renal cysts tubular epithelial cells
Renal hypertrophy « Up-regulated expression of SNAT3 and PEPCK (93)

5 Conclusions and future directions

Numerous studies have demonstrated that KTRMs frequently
undergo transcriptional reprogramming during renal injury,
exerting a synergistic pro-inflammatory effect in conjunction with
infiltrating macrophages. This effect is specifically characterized by
the upregulation of M1 polarization markers and the heightened
expression of inflammatory factors, such as TNF-o. This process
highlights the role of KTRMs in defending against pathogenic
bacterial infections and their involvement in transplant rejection.
During the recovery phase following injury, KIRMs transform into
an anti-inflammatory M2 phenotype, showcasing robust tissue
repair capabilities. This indicates that, upon kidney injury,
KTRMs can swiftly respond to alterations in the internal
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environment of the kidney and transform between different
phenotypes to perform specific functions. We emphasize the
significant immunoregulatory role of KTRMs in the progression
of kidney injury and other renal diseases. Many studies have
focused on managing kidney injury, inflammation, repair, and
fibrosis through the regulation of KTRMs. However, the specific
mechanisms by which target molecules regulate KITRMs and the
intricate ways in which KTRMs influence various kidney diseases,
remain to be elucidated. Furthermore, in the context of kidney
diseases, KTRMs are among the first responders to damage signals.
In addition to coordinating the recruitment of BMRMs, KTRMs can
also enhance inflammatory responses by activating the MI
phenotype, which often results in exacerbated kidney damage.
During the renal repair process, KTRMs can synergistically
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collaborate with BMRMs to promote renal tissue repair. This
regulatory interaction between KTRMs and BMRMs offers new
insights for the treatment of kidney diseases.

In the renal immune microenvironment, KTRMs play a pivotal
role in regulating the infiltrating macrophages and neutrophils, as
well as the activation of other immune cells. This underscores the
clinical significance of targeting KTRMs to address kidney injury.
Furthermore, studies have demonstrated that small molecule drugs
aimed at specific KTRM subpopulations can effectively reduce
mortality in AKI mouse models and alleviate symptoms of renal
fibrosis (55). Such advancements highlight the complex and critical
role that KTRMs play in kidney disease. A deeper exploration into
the specific mechanisms by which KTRMs contribute to kidney
disease, the targeted regulation of their metabolic pathways, and the
use of pharmacological agents to modulate KTRM polarization
could pave the way for novel therapeutic strategies aimed at
improving kidney disease prognosis. Current research on TRMs
primarily employs high-throughput cell profiling technologies, such
as flow cytometry and single-cell RNA sequencing (104).
Additionally, intravital microscopy and magnetic resonance
imaging (MRI) are utilized to investigate TRM activity and
inflammation, thereby facilitating the study of TRM immune
monitoring functions (105, 106). Previous studies have confirmed
the existence of a KTRM population co-expressing CD74 and CD81
in both human and rat kidneys (26). Moreover, the development of
human induced pluripotent stem cell (iPSC)-derived macrophages
has been shown to be associated with TRMs, occurring in a Myb-
independent manner and relying on the transcription factors
RUNXI1 and SPI1 (PU.1) (107). This connection enhances the
translational potential of KITRM studies from animal models to
human patients and provides new insights into the role of human
TRMs in pathology and homeostasis.
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Glossary
TRM
KTRMs
EMPs
YS

FL
MOs
VAT
TLR
HO-1
RAGE
EGFR
BMRMs
Ahr
Nfatcl and Nfatc2
Irf9
TIMD4
LYVE1L
FOLR2
ICs
scRNAseq
MDP
Lysm
FABP5
MPC
MHC II
P7
E14.5
TIM-4
MERTK
FcyRs
AKI

IRI
ROS
CLP
iRhom2
FAO
PG
ICAM-1

uvuo

Tissue-resident macrophage
Kidney TRMs
erythro-myeloid progenitors
yolk sac

fetal liver

monocytes

visceral adipose tissue
Toll-like receptor

heme oxygenase-1

receptor for advanced glycation end products

epidermal growth factor receptor
bone marrow-derived macrophages

Aryl hydrocarbon receptor

nuclear factors of activated T cells 1 and 2

interferon regulatory factor 9

T cell immunoglobulin and mucin domain 4

lymphatic endothelial hyaluronic acid receptor 1

folate receptor beta

immune complexes

single-cell RNA sequencing
monocyte-derived precursors
lysozyme

fatty acid-binding protein 5
mononuclear phagocyte
histocompatibility complex class II
postnatal day 7

embryonic day 14.5

T cell immunoglobulin and mucin domain 4

MER receptor tyrosine kinase
Fcy receptors

acute kidney injury
ischemia-reperfusion injury
reactive oxygen species

cecal ligation and puncture
inactive rhomboid protein 2
fatty acid oxidation
prostaglandin

intercellular adhesion molecule-1

unilateral ureteral obstruction
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MFG-E8
CI

HA

HSP 70
TEC

CD
TAC
LCMs
LN

SLE
Tregs
iNOS
CCL
CCR2
BAFF
M-CSF1
AGEs
DMAPs
mtDNA
mtROS
MyD88
TNF-ou
TGF-B1
Spl
Smad
GM-CSF
MCP-1
IL
IL17ra
ccRCC
HAVCR2
LAG3
Cxcl
mbCSF1
CSFIR
SNAT3
PEPCK

OXPHOS

10.3389/fimmu.2025.1548053

milk fat globule epidermal growth factor 8
cold ischemia

heat acclimation

heat shock protein 70

tubular epithelial cell

collecting duct

transverse aortic constriction

large-cavity macrophages

lupus nephritis

systemic lupus erythematosus
tissue-resident regulatory T cells

inducible nitric oxide synthase
Chemokine (CC-motif) ligand

C-C motif chemokine receptor 2

B cell activating factor

Macrophage Colony-Stimulating Factor 1
Advanced Glycation End-products
Damage-associated molecular patterns
Mitochondrial DNA

mitochondrial reactive oxygen species
Myeloid differentiation primary response protein 88
Tumor Necrosis Factor-ou

Transforming Growth Factor Beta 1
Specificity Protein 1

drosophila mothers against decapentaplegic protein
Granulocyte-macrophage colony-stimulating factor
Monocyte chemoattractant protein-1
Interleukin

Interleukin-17 Receptor A

Clear cell renal cell carcinoma

Hepatitis A virus cellular receptor 2
Lymphocyte-Activation Gene 3

C-X-C motif chemokine ligand
Macrophage Colony-Stimulating Factor 1
Colony-Stimulating Factor 1 Receptor
Solute Carrier Family 38 Member 3
Phosphoenolpyruvate carboxykinase

oxidative phosphorylation.
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