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ABSTRACT

Acute kidney injury (AKI), triggered by ischemia, sepsis, toxicity, or obstruction, is marked by a
rapid impairment of renal function and could lead to the initiation and advancement of chronic
kidney disease (CKD). The concept of AKI to CKD transition has gained much interest. Despite a
series of studies highlighting the diverse roles of renal macrophages in the immune response
following AKI, the intricate mechanisms of macrophage-driven cell-cell communication in AKI to
CKD transition remains incompletely understood. In this review, we introduce the dynamic
phenotype change of macrophages under the different stages of kidney injury. Importantly, we
present novel perspectives on the extensive interaction of renal macrophages with adjacent cells,
including tubular epithelial cells, vascular endothelial cells, fibroblasts, and other immune cells via
soluble factors, extracellular vesicles, and direct contact, to facilitate the transition from AKI to
CKD. Additionally, we summarize the potential therapeutic strategies based on the adverse
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macrophage-neighboring cell crosstalk.

Introduction

Acute kidney injury (AKI) complicates approximately 10-15%
of hospitalizations and is independently associated with an
elevated risk of mortality [1]. According to the 2012 KDIGO
guidelines, AKl can be diagnosed based on one of the fol-
lowing criteria: an increase in serum creatinine of 20.3mg/dL
(26.5 umol/L) within 48h, a 1.5-fold increase in serum creati-
nine from baseline, or less than 0.5mL/kg/h urine output for
6h [2]. Conversely, chronic kidney disease (CKD) is marked by
abnormalities in kidney structure or function lasting for more
than 3 months, with poor implications for health [2,3].
Growing evidence from clinical studies has revealed that
patients with AKI significantly increase the risk of the pro-
gression of CKD [4,5]. Within a 3-year follow-up period, a
cohort study found that 24.6% of patients with AKI devel-
oped CKD [6]. Notably, a large population study demon-
strated that regardless of the severity of the AKI episode and
proteinuria status, and even when post-episode kidney func-
tion is clearly recovered, an episode of AKI is associated with
subsequent increased renal function decline lasting up to
10 years [7]. Although the process by which AKI contributes
to the development of CKD in humans remains unclear,
some mechanisms have been proposed in most animal stud-
ies, such as tubular dedifferentiation and atrophy, capillary

rarefaction, persistent inflammation, and extracellular matrix
(ECM) remodeling after AKI [8]. Recently, studies on
macrophage-driven cell damage and persistent inflammation
in the AKI to CKD transition have generated widespread
interest [9,10].

Macrophages, as the major innate immune cells in the
kidney, are involved in early inflammatory response and the
balance of reparative and maladaptive kidney repair, due to
their inherent heterogeneity and plasticity [11]. Several stud-
ies of single-cell RNA sequencing (scRNA-seq) and spatial
transcriptomics revealed that macrophage differentiation and
its intercellular communication play a critical role in the tran-
sition of AKI to CKD [10,12-14]. Renal macrophages can
release signals that promote immune cell recruitment, tubu-
lar injury or repair, fibroblast activation, and vascular remod-
eling through direct contact, soluble cytokines, and
extracellular vesicles (EVs) [14-16]. In return, those adjacent
cells could stimulate renal macrophages to proliferate and
change phenotypes to adjust to the kidney-specific microen-
vironment [17]. Understanding the interactions between
macrophages and their neighboring cells during kidney
injury and tissue remodeling holds significant potential for
identifying therapeutic targets capable of suppressing AKI to
CKD transition.

CONTACT Rui Zeng @ zengrui@tjh.timu.edu.cn; Qian Yang @ yanggian@tjh.tjimu.edu.cn @ Department of Nephrology, Tongji Hospital, Tongji Medical
College, Huazhong University of Science and Technology, Wuhan 430030, Hubei, China

© 2025 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


mailto:zengrui@tjh.tjmu.edu.cn
mailto:yangqian@tjh.tjmu.edu.cn
https://doi.org/10.1080/0886022X.2025.2478482
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1080/0886022X.2025.2478482&domain=pdf&date_stamp=2025-3-19
http://www.tandfonline.com

2 Y.LINETAL.

This review introduces the current research on renal mac-
rophage phenotypes in AKI to CKD transition and focuses on
the intercellular signaling between macrophages and adja-
cent cells involved in the transition from AKI to CKD. In addi-
tion, we highlight potential therapeutic strategies based on
the adverse macrophage-adjacent cell crosstalk.

The phenotypes and functions of renal macrophages in
AKl to CKD transition

Previous studies have suggested that macrophages can be
divided into two subtypes based on stimulation in vitro: clas-
sic proinflammatory phenotype (M1 macrophages, defined
by expression of iNOS and (CD86) and alternative
anti-inflammatory phenotype (M2 macrophages, defined by
expression of arginase 1 (Arg1) and CD206). Additionally, M2
macrophages can be further subdivided into three subpopu-
lations (M2a, M2b, M2c), depending on different in vitro
stimuli and functions [11,18,19]. Notably, the complex micro-
environment following kidney injury means that these
single-stimulus-based macrophage subsets might not accu-
rately reflect the pathological transition from AKI to CKD
[20-22]. Current studies believe that renal macrophages can
be broadly divided into kidney-resident macrophages (KRMs)
and monocyte-derived macrophages (moMeps). A standard
lineage tracing in mice found that KRMs, mainly derived from
embryonic progenitors (yolk sac and fetal liver), expand and
mature parallel with kidney growth after birth [22,23]. They
demonstrate abilities in renal microenvironment homeostasis,
immune surveillance, and tissue repair [24,25]. By contrast,
circulating moMes are primarily proinflammatory phenotypes
with high levels of chemokines and cytokines and promote
ECM remodeling [14,26]. Overall, both KRMs and moMados
have fluid spectrums of phenotypes.

Single-cell RNA sequencing and spatial transcriptomics
provide new insight into characterizing KRMs. Cell surface
markers (Cd74 and Cd81) were defined as the characteriza-
tion of KRMs in multiple species such as mouse, rat, pig, and
human kidneys [27]. This lays the groundwork for subsequent
research into the phenotypic changes of renal resident mac-
rophages. After kidney injury, the KRMs exhibit significant
proliferative characteristics and differentiate from a prolifera-
tive and immature state into repair-promoting macrophages,
which facilitates angiogenesis and the proliferation of tubular
epithelial cells (TECs) [14]. Further, the major histocompatibil-
ity complex class Il (MHC-II) expression of KRMs is absent in
the injury phase but reappears in the healing phase after
AKI. This phenotype switch may influence the antigen pre-
sentation to CD4'T cells and decrease subsequent chronic
inflammation [28]. Even though tissue-resident macrophages
can be replaced by bone marrow-derived progenitors in
other organs, such as the skin and intestine, KRMs mainly
self-renew in situ rather than receiving inputs from the bone
marrow after AKI in mice [28]. Dick S.A. et al. used parabiotic
and genetic fate mapping and developed a classification of
three resident macrophage subpopulations in the kidney:
TLF (characterized by expressing Timd4, Lyvel, and Folr2),

Ccr2*, and MHCM populations [23]. Each subset presents a
unique expression profile and life cycle. It was reported that
Ccr2* macrophages were highly replaced by blood mono-
cytes, whereas TLF* macrophages in particular received min-
imal monocyte input. Notably, as mice develop, the
proportion of the TLF* population in the kidney gradually
decreases to be absent, while the Ccr2* population gradually
increases to become the main part. Although this study
focused on the phenotype change in the murine develop-
mental processes, it provided novel insight for studying the
dynamic change of KRM populations after AKI. Yao et al.
identified four distinct KRM subsets in the murine model of
ischemia-reperfusion injury (IRl): MHC-II"" KRMs, Ccl4" KRMs,
Mrc1" KRMs, and Slc40a1" KRMs. KRMs with high expression
of Ccl4 present the highest inflammation scores in the early
stages of AKI, as they express the pro-inflammatory chemok-
ines Ccl3 and Ccl4, which recruit other immune cells to infil-
trate the damaged kidneys [29]. Cheung et al. utilized spatial
transcriptomics to classify seven unique KRM subsets corre-
sponding to regions of the nephron and revealed that multi-
ple subpopulations undergo significant changes in their
spatial location and transcriptomic profiles from the acute
phase to the chronic phase after kidney injury in mice, com-
pared to the normal kidney [30]. This alteration did not
recover even four weeks after injury, indicating a critical
chronic immune dysfunction in the transition from AKI to
CKD. The current understanding of phenotypes and functions
of KRMs during the transition from AKI to CKD is limited and
requires further research in the future.

When encountering various types of kidney injuries or
stimuli by the kidney microenvironment, recruited moMegps
experience significant changes in both numbers and pheno-
types. In mice, differential expression of lymphocyte antigen
6C (Ly6C) present unique moMe subpopulations after AKI:
Ly6C high (Ly6CM), Ly6C intermediate (Ly6C"e"), and Ly6C low
(Ly-6C'%) populations [21]. It has been reported that S100a8/
a9 Ly6C" moMes are the earliest monocyte-derived
responders to kidney injury signals and interact with KRMs to
initiate and amplify renal inflammation via the Toll-like recep-
tor 4 (TLR4) pathway [29]. Evidence indicates that circulating
Ly6C* monocytes are preferentially recruited into the glomer-
ular capillaries by chemokines such as Cxcl1, Ccl2, and Cc/3
released by renal tubule epithelial cells at 2h post-injury [29].
This recruitment is also induced by TNF expressed by endo-
thelial cells [31]. Conway et al. revealed that the Ly6Ch
monocytes recruited early to the kidney subsequently trans-
form toward Argl-positive macrophages, which showed
pro-inflammatory and pro-fibrotic behavior [20]. Similarly,
bone marrow-derived ECM remodeling-associated macro-
phages, which express Arg1, appear in the early phase of
kidney injury and adopt a proinflammatory phenotype per-
sistently, which may be the critical issue for unsolved inflam-
mation and progressive kidney fibrosis [14]. Notably, Ly6Ch
macrophages were observed to differentiate into the
Ccr2*macrophage subset in late kidney injury. Despite consis-
tent expression of Ccr2, their transcriptome is similar to that
of KRMs [20]. It is unclear whether transitioned Ccr2*



macrophages remain detrimental. In addition, Spp1* macro-
phages were shown to originate from Ly6CM monocytes,
which are mobilized by platelet-derived chemokine CXCL4 in
the IR-induced AKI murine model [32]. This population is
characterized by high expression of Sppl, Argl, Fnl, and
Apoe. Ouyang et al. integrated 15 single-cell RNA-sequencing
datasets across multiple healthy and fibrotic organs in
humans, including those in the kidney [33]. This study
revealed that the proportion of Spp1* macrophages is 17.3%
in healthy control, 25.8% in AKI, and 23.7% in CKD and pro-
posed that the conserved differentiation trajectory from
monocytes to Spp1* macrophages is driven by inflammatory
signals in fibrotic kidneys.

Unlike proinflammatory Ly6CM moMeps, Ly6C" moMeps
appear to play a profibrotic role. A significant number of
Ly6C'*" moMegs are observed in both acute and chronic
phases post-IRl in murine kidneys, where they contribute to
the transdifferentiation of fibroblasts into myofibroblasts,
thereby exacerbating AKI [34]. Ly6C'" macrophages have
been shown to differentiate from Ly6C" moMeps and their
transcriptional profile is characteristic of M2-like macrophages
[35]. In conclusion, we have shed new insight into macro-
phage classification and described dynamic changes of KRM
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and moMe phenotypes driven by complex signals in AKI and
AKI to CKD transition (Figure 1).

Intercellular crosstalk of renal macrophages in AKI to CKD
transition

Renal macrophages are scattered throughout the kidney,
from the cortex to the medulla and papilla, which allows
them to interact with parenchymal cells, mesenchymal cells,
and other immune cells [30]. The growing evidence has
gained consensus that macrophage-driving cell-cell commu-
nication plays a critical role in promoting AKI to CKD pro-
gression [12,36] (Figure 2).

The crosstalk between renal macrophages and tubular
epithelial cells

Tubular epithelial cells are the predominant cell type in the
kidney, especially the proximal tubules, which play crucial
roles in nutrient absorption, barrier protection, and immune
regulation [37]. The crosstalk between renal macrophages
and TECs through complex intercellular mediators is one of
the driving mechanisms for the progression of kidney fibrosis.

Figure 1. The current research of monocyte and resident macrophage differentiation in AKI to CKD transition. Following kidney injury, KRMs mainly
undergo self-renewal and receive minimal contribution from circulating monocytes. Four selected KRM subsets present distinct functions. Additionally, a
great number of Ly6C" monocytes infiltrate into the injured kidney and the S100a9"Ly6C" population represents the early blood-derived responder.
Notably, Ly6C" moMes primarily differentiate into several types of macrophages from the early to late phase of kidney injury, including the Arg1*, Ccr2*,
Spp1*, and Ly6C" populations. Each subset’s main functions and transcriptome signature are in the corresponding boxes. The black arrow means differ-

entiation (created by biorender.com).
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Figure 2. Crosstalk between renal macrophages and adjacent cells in the AKI to CKD transition. The illustration consists of four parts: macrophages-tubular
epithelial cells (TECs); macrophages-vascular endothelial cells (VECs); macrophages-fibroblasts; macrophages-other immune cells. Additionally, macrophages
are classified into KRMs/moMes and proinflammatory/anti-inflammatory macrophages in this overview. KIM-1: kidney injury molecule-1; LRG-1: leucine-rich
a-2-glycoprotein 1; TRAIL: tumor necrosis factor-related apoptosis-inducing ligand; Ang-2: angiopoietin-2; ICAM-1: intercellular adhesion molecule-1; VTN:
vitronectin; FTV(IL-11): filopodial tip vesicles containing interleukin-11; THBS-1: thrombospondin1; MMT: macrophage-to-myofibroblast transition; NETs: neu-
trophil extracellular traps; MMP9: matrix metalloproteinase-9; VISTA: V-domain Ig suppressor of T-cell activation; EC: endothelial cell. The red dashed arrows
represent signals emitted by macrophages, while the black dashed arrows represent signals from other crosstalk cells (created by biorender.com).

Colony-stimulating factor (CSF)

The CSF family is a group of cytokines related to the differenti-
ation and maturation of bone marrow cells in mammals. Injured
proximal tubules are an important source of colony-stimulating
factor 1 (CSF-1) which binds to colony-stimulating factor recep-
tor 1 (CSF-1R) on macrophages and TECs, mediating kidney
repair through both macrophage-dependent mechanisms and
TEC autocrine/paracrine mechanisms [38]. Wang et al. utilized
the IRl model combined with diphtheria toxin receptor (DTR)-
mediated CSF-1 knockout transgenic mice to demonstrate that
CSF-1 originating from proximal TECs plays a pivotal role in
driving macrophage proliferation and M2 phenotypic polariza-
tion, thereby promoting kidney recovery and reducing tubu-
lointerstitial fibrosis [39]. Injured tubular cells also produce
granulocyte-macrophage colony-stimulating factor (GM-CSF) to
induce macrophage chemoattractant protein-1  (MCP-1)-
dependent monocytes or macrophage infiltration, resulting in
sustained inflammation and tubular apoptosis [40]. Conversely,

TECs exposed to dead cell debris improve the expression of
GM-CSF to activate reparative macrophages, which can in turn
secrete Argl to promote tubular cell proliferation directly in
vitro [41]. Overall, the roles of CSF-1 and GM-CSF in TECs vary
depending on the complex kidney microenvironment, and fur-
ther research is needed to clarify their actual functions between
macrophage and TEC interaction.

Soluble factors

Interleukin-10 (IL-10), a potent immunomodulator, is highly
secreted by M2 macrophages and helps reduce TEC apopto-
sis by inhibiting the mTOR signal and stabilizing mitochon-
drial function [42]. Kidney injury molecule-1 (KIM-1), an
epithelium-derived phosphatidylserine receptor, is upregu-
lated following kidney injury and alleviates inflammatory
responses during the early injury phase by augmenting auto-
phagic activity in TECs [43]. However, sustained upregulation
of KIM-1 by TECs leads to MCP-1 secretion and



MCP-1-dependent macrophage infiltration, contributing to
the long-term progression of kidney fibrosis [44]. It was
reported that TECs upregulate the expression of connexin 43
(Cx43) in both patients and mice with obstructive nephropa-
thy. Mechanically, Cx43 induces injured TECs to release ade-
nosine triphosphate (ATP), which binds to P2rx4 or P2rx7
positive macrophages, leading to macrophage pyroptosis
and release of CXCL10 to activate intrarenal fibroblasts in
murine unilateral ureter obstruction (UUO) model [45].
While polyploid tubular cells demonstrate functional pres-
ervation post-AKl, emerging evidence reveals a paradoxical
effect: infiltrating F4/80°"CD11b" macrophages secrete
interferon-B (IFN-B) that binds to IFN-a/P receptor 1 (IFNART)
on TECs. This ligand-receptor interaction induces pathological
polyploidization through the inorganic pyrophosphatase-YAP
axis, upregulating p21 expression, thereby contributing to
AKI-to-CKD transition [46]. By contrast, in a glyoxylate-induced
kidney injury mouse model, Mrc1* macrophages significantly
upregulate insulin-like growth factor 1 (IGF-1), which can
stimulate TEC proliferation through the AKT/Rb signaling
pathway to alleviate kidney crystal injury [47]. However, other
studies have suggested that the Mrc1 subset of M2 macro-
phages is strongly associated with murine renal fibrosis
[48,49]. This raises the possibility that Mrc1* macrophages
may exhibit heterogeneity across different kidney diseases.

Extracellular vesicles

Recently, studies have demonstrated that EVs, which contain
a variety of proteins, lipids, and nucleic acids (mRNA and
noncoding RNA), are key mediators of macrophage-tubular
cell communication [50]. The internalization of CC motif
ligand 2 (CCL2)-containing EVs from albumin-treated TECs by
macrophages initiates an inflammatory response and macro-
phage migration, representing a mechanism of EV-induced
tubulointerstitial inflammation [51]. Ischemic-damaged proxi-
mal tubular cells can secrete EVs-containing integrin (1,
which facilitates the adhesion and migration of Fn1* macro-
phages. Conversely, infiltrated Fn1* macrophages amplify the
inflammatory response in surviving proximal tubules by
secreting inflammatory factors TNF-a, MCP-1, and thrombos-
pondin 1 (THBS-1) [52]. In a more complex scenario, EVs trig-
ger multiple signaling pathways simultaneously. For instance,
lipotoxicity-damaged TECs release leucine-rich a-2-glycopro-
tein 1 (LRG-1)-rich EVs that activate macrophages in a
TGFBR1-dependent manner. In response, these macrophages
secrete tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL)-rich EVs to bind death receptor 5 on TECs,
inducing injured TEC apoptosis [17].

In recent years, an increasing number of studies have con-
centrated on non-coding RNA-rich EVs in the kidney owing to
their significant impact on the metabolic reprogramming of
cellular functions. For instance, miRNA-23a-rich EVs secreted
by TECs promote the reprogramming of macrophages toward
the M1 phenotype to develop tubulointerstitial inflammation
in a hypoxia-inducible factor-alpha (HIF-1a) dependent man-
ner [53]. Similarly, macrophages internalize miR-19b-3p-rich
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EVs from injured TECs, leading to M1 phenotype polarization
via the NF-kB/SOCS-1 pathway, thus contributing to tubu-
lointerstitial inflammation [54]. Macrophage-derived EVs have
a great impact on TEC survival and function. In angiotensin
ll-induced murine kidney injury, macrophage-derived miR-155-
rich exosomes induce telomere shortening and telomere dys-
function in proximal TECs by targeting telomere repeat-binding
factor 1. The inhibition of miRNA-155 has been shown to
attenuate kidney injury following Ang-ll treatment [15]. In
contrast, macrophage autophagy safeguards TECs from injury
by clearing cellular debris and modulating inflammatory
response during AKI. Deficiency in macrophage autophagy
contributes to the increased secretion of miR-195a-5p-rich
EVs, resulting in inflammatory response and mitochondrial
dysfunction in TECs [55]. Overall, precise modulation of
exosome-derived signaling pathways presents a promising
therapeutic strategy for the treatment of AKI to CKD transition.

Direct contact

Macrophages also engage in immune surveillance through
direct interaction with TECs. For example, peritubular macro-
phages in the renal medulla can extend long pseudopodia to
detect urine components and assist in the removal of parti-
cles, thereby preventing tubular obstruction. This transepi-
thelial activity of macrophages is dependent on integrin 1
expression of TECs [25]. Conversely, CX3CR1* resident macro-
phages in the perivascular region of the kidney absorb
urine-transported contrast agents through direct interactions
with renal tubules, a process that can contribute to
contrast-induced AKI [56].

Crosstalk between renal macrophages and vascular
endothelial cells

During kidney development, the preponderance of renal mac-
rophages situated around the interstitial vasculature secretes
molecules that are indispensable for forming the blood vessel
network and actively phagocytose mislocated vascular endo-
thelial cells (VECs). Depletion of macrophages results in a sig-
nificant reduction in the formation of endothelial
cross-connections [57]. In facing injury and inflammation,
endothelial cells play a key role in producing chemoattrac-
tants and adhesion molecules, thereby recruiting blood leuko-
cytes to the injured kidney areas. A study found that the
concentration of angiopoietin-2 in the plasma is significantly
increased in patients with CKD. The inhibition of angiopoietin-2
attenuates renal inflammation, capillary rarefaction, and fibro-
sis in murine models of UUO. Mechanistically, angiopoietin-2
could induce endothelial cells to produce chemokine CCL2
mediating macrophage migration in an in vitro co-culture sys-
tem [58]. Macrophages also modulate the immune response
of VECs and maintain tissue homeostasis following injury. For
instance, the vascular-resident CD169* macrophages suppress
the excessive activation of endothelial cells by downregulat-
ing the intercellular adhesion molecule-1 (ICAM-1) expression
on VECs through direct interaction, therefore, reducing
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excessive neutrophil accumulation and subsequent inflamma-
tory cascades following IRI-AKI in mice [59]. Similarly, lI1rn
expressed on macrophages could antagonize the IL-1 path-
way in endothelial cells, and limit IL-6 generation and
sepsis-induced kidney inflammation in mice [60]. It was
reported that KRMs located between the capillary endothe-
lium and the basement membranes of tubules are capable of
monitoring and clearing immune complexes that are trans-
ported into the renal interstitium to reduce small immune
complex-induced inflammatory response [61]. Furthermore,
macrophages could collaborate with endothelial cells to
amplify inflammation. For example, in a nephrotoxic mouse
model, a subset of $100a9"9" Ly6CMigh moMes is recruited into
the glomerular capillary and S100a8/a9 (myeloid-related pro-
tein 8/14, also called calprotectin) complex augments kidney
inflammation. In vitro, Mrp14-deficient bone marrow-derived
macrophages cultured with renal microvascular endothelial
cells result in significantly decreased cytokine levels of MCP-1,
IL-8, and IL-6 [62].

Crosstalk between renal macrophages and fibroblasts

Fibroblasts are primarily responsible for maintaining the
structure of tissues and organs by modulating ECM deposi-
tion and degradation. Notably, the crosstalk between macro-
phages and fibroblasts plays an essential role in coordinating
responses in the fibrotic kidney. Multiple intercellular media-
tors induce their dynamic changes in phenotype and func-
tion. The concept of fibrogenic niche has improved our
understanding of kidney fibrosis development. The fibrogenic
niche is a unique ECM-remodeling microenvironment, includ-
ing inflammatory immune cells, EVs, soluble factors, and
metabolites [63,64].

ECM-related proteins

A recent study using a decellularized kidney tissue scaffold
found that macrophage-assembled, vitronectin (VTN)-
enriched extracellular microenvironment can activate fibro-
blasts by stimulating integrin avf35 and Src kinase signaling.
Disrupting this fibrotic microenvironment can reduce kidney
fibrosis [63]. Similarly, macrophages exposed to calcium oxa-
late monohydrate increase the secretion of inflammatory-
related proteins to induce fibroblast activation, which is
regarded as a novel mechanism in kidney stone-induced
renal fibrogenesis [65].

EVs

Macrophage-derived EVs prove an efficient way to influence
fibroblast function. Stimulated macrophages can extend a
unique membrane structure to produce filopodial tip vesicles
(FTVs), facilitating a novel form of intercellular communica-
tion through the transfer of multiple cargo-containing inter-
nal vesicles. High-glucose-exposed M1 macrophages generate
numerous FTV enriched with interleukin-11 (IL-11) to pro-
mote the differentiation and migration of fibroblasts. The
inhibition of FTVs or the targeting of IL-11 significantly miti-
gates renal interstitial fibrosis in mice [66].

Soluble factor

Recently, a new subset of moMes characterized by high levels
of IGF1 expression has been identified as a key player in
ECM remodeling and the progression from AKl to CKD.
Mechanistically, IGF1* macrophages facilitate fibroblast activation
and proliferation through the IGF-1/IGF-1R signaling pathway
[14]. Galectin 3, a beta-galactoside-binding lectin, is upregulated
in the murine model of UUO. In particular, the expression of
galectin 3 on macrophages induces fibroblast activation with
profibrotic characteristics [67]. In addition, macrophages facilitate
the differentiation of fibroblasts into myofibroblasts which are
characterized by an increased capacity for ECM secretion. A
cohort study found that a proinflammatory fibroblast population
(designated as CXCL-iFibro) accumulated in the early stages of
CKD is associated with poor patient outcomes. Integrated analy-
sis of single-cell transcriptomics and spatial transcriptomics data
from CKD patients revealed that the CXCL-iFibro subset exhibits
close cellular interactions with FOLR2* macrophages. In vitro
co-culture experiments validated that the CXCL-iFibro subset
enables the transformation of CD14* monocytes into FOLR2*
macrophages. In return, the FOLR2* macrophages promote the
transition of CXCL-iFibro into ECM-secreting myofibroblasts
through activation of the WNT/B-catenin signaling [68].
Additionally, a study found that IL-1B from CX3CR1* moMeps is
essential for fibroblast activation in heart failure pathogenesis
and this molecular mechanism can be a therapeutic approach
to selectively inhibit inflammation [69]. This investigation also
has important implications for understanding renal inflammation
and maladaptive tissue remodeling.

Platelet-derived signals

Recent research has highlighted platelet activation and
platelet-derived factors following renal injury, which mediate
macrophage-fibroblast communication [70]. In the murine
model of IR-induced AKI, integrative scRNA-seq and spatial
transcriptomics unveiled a novel subset of macrophages
called ‘cycling M2 macrophages, which present enhanced prolif-
erative capacity. This subset modulated by platelet-derived
thrombospondin-1 (THBS1) acquires profibrotic characteristics
and frequently interacts with fibroblasts in the presence of
platelets in the AKI to CKD transition. The administration of the
platelet THBS1 antagonist (antibody R300) significantly dimin-
ishes the circulating M2 macrophages and reduces the expres-
sion of profibrotic genes associated with collagen synthesis
and immune regulation in fibroblasts [71]. Additionally, the
platelet-derived chemokine CXCL4 induces the activation of
Spp1* macrophages, which subsequently drive fibroblast activa-
tion through up-regulating the expression of profibrotic genes
such as Spp1, Fn1, and Sema3 in murine model of UUO [32]. The
above evidence suggests that targeting platelet-derived signals
may be an effective therapy for kidney inflammation and fibrosis.

Crosstalk between renal macrophages and other immune
cells

Neutrophils
Following kidney injury, neutrophils and macrophages consti-
tute the predominant populations in the early immune



response. Research has shown that S100a8"' Ly6C" moMegs
arrive earlier than neutrophils after AKI in mice and enhance
neutrophil recruitment to amplify the inflammatory response
[29]. Similarly, Shiga toxin-activated KRMs induce disease-
promoting neutrophil recruitment via chemokine CXCL2, con-
tributing to kidney injury in Shiga toxin-induced hemolytic
uremic syndrome [16]. Notably, in contrast to conventional
neutrophils, Siglec-F-expressing neutrophils possess enhanced
capabilities to produce a substantial array of inflammatory
and profibrotic cytokines [72]. Macrophages may induce neu-
trophils to express Siglec-F by generating inflammatory cyto-
kines. In the murine model of UUQ, infiltrated neutrophils
can secrete matrix metalloproteinase-9 (MMP9) to promote
macrophage recruitment, which plays a role in the pathogen-
esis of renal fibrosis. Early depletion of MMP9-positive neu-
trophils could reduce the production of inflammatory factors
and suppress M2 macrophage accumulation [73]. This
evidence suggests that neutrophils may work with macro-
phages to create a profibrotic microenvironment in the kid-
ney. In addition, neutrophil-derived neutrophil extracellular
traps (NETs) significantly influence the phenotype and func-
tional attributes of renal macrophages. Gasdermin D (GSDMD),
a pore-forming protein and a key executor of pyroptosis, can
be cleaved by caspase-11 to form NETs [74]. In the murine
model of UUO, GSDMD-dependent NETs promote the nuclear
translocation of p65 in macrophages, subsequently initiating
the expression of a-SMA by activating TGF-B1/Smad signal-
ing [75].

T cells
Growing evidence has demonstrated that the accumulation
and activation of T cells emerge in the recovery phase after
AKI, with distinct T cell subpopulations mediating various
effects [76,77]. Following IRI-induced AKI in mice, persistent
macrophage infiltration overexpresses the pro-inflammatory
cytokines Cxcl16 to recruit Cxcr6*T cells, contributing to sec-
ondary tubule injury [10]. In the nephrotoxic murine model,
renal macrophages upregulate the expression of V-domain Ig
suppressor of T-cell activation (VISTA), a sentinel protein, to
mitigate tubulointerstitial fibrosis by suppressing infiltrating T
cells to overproduce interferon-gamma (IFN-y) [78]. In the
settings of kidney injury, KRMs diminish antigen presentation
to CD4* T cells by downregulating MHC-II expression, which
is a critical mechanism to inhibit CD4*T cell-induced chronic
kidney inflammation [28]. In the late stage of IRI-induced AKI
in mice, some increased proportion of CD8'T cells are
recruited by macrophages through the CXCL16 and CXCR6
axis. Subsequently, these infiltrated CD8*T cells promote
endothelial cell apoptosis via Fas ligand-Fas signaling, lead-
ing to peritubular capillary rarefaction and renal fibrosis [79].
In addition to CD4*T cells and CD8*T cells, regulatory T
cells (Tregs) have been shown to play a protective role in
kidney regeneration and repair [80]. Tregs are observed in
proximity to F4/80* macrophages within regions of a-SMA
deposition in fibrotic murine models, and similar distribu-
tions of Tregs are noted in human transplanted kidneys [80].
The transfusion of Tregs could shift M1 macrophages into M2
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macrophages and promote the repair process in the UUO
murine model [81]. Tregs contribute to the alleviation of
adriamycin-induced glomerular and interstitial injury in a
murine model by reducing macrophage activation and the
production of pro-inflammatory cytokines in a TGF-B depen-
dent manner [82]. Similarly, evidence shows that IL-10/TGF-3-
modified macrophages reduce renal inflammation and
augment the population of Tregs in lymph nodes via express-
ing regulatory co-stimulatory molecule B7-H4, offering pro-
tection against adriamycin-induced murine kidney injury [83].
Furthermore, M2c macrophages demonstrate greater efficacy
compared to M2a macrophages in inducing Treg proliferation
to protect against adriamycin-induced kidney injury [19].
Notably, the roles of Treg cells in AKI repair processes have
not been fully elucidated [76] and further research is needed
to clarify how macrophages affect Treg function.

B cells

B cells have been demonstrated to participate in the pro-
gression of tubular atrophy and tubulointerstitial fibrosis in
multiple murine models. In the UUO mouse models, recruited
B cells enhance macrophage mobilization and infiltration via
the secretion of TNF-a and CCL2 to exacerbate tubulointersti-
tial fibrosis [84]. In contrast, resident B cells colocalizing with
macrophages induce anti-inflammatory macrophage polariza-
tion and downregulate pro-inflammatory chemokines CCL2/
CXCL2 through IL-10 secretion, thereby maintaining renal
homeostasis in urinary tract infection models [85]. However,
research on the precise roles of residents B cells in kidney
injury and recovery is limited, and there is a need to investi-
gate more potential roles of B cell subsets involved in the
interaction with renal macrophages in AKI models.

New insight: cell chat between macrophages and adjacent
cells by the integration of scRNA-seq with spatial
transcriptomics

Histological tissue sections and co-culture in vitro are com-
mon experiments to screen cell-cell communication, but
these assays can gain very limited information [86]. In the
past decade, scRNA-seq has revolutionized our understand-
ing of cell-cell communication through tremendous bioinfor-
matic data and prediction of secreted signalings [87].
However, scRNA-seq does not capture spatial information of
interacting cell types after tissue dissociation. Recently, spa-
tial transcriptomics has become a promising tool for studying
the spatial distribution of macrophage-mediated cell commu-
nications by localizing mRNA within tissues, using methods
like in situ hybridization, in situ sequencing, and spatial bar-
coding [88]. However, according to Polonsky et al’s spatial
transcriptomics study, even when using a comprehensive
gene panel that covers all major kidney cell types, the cap-
ture of macrophage subpopulations is more simplified com-
pared to single-cell resolution [12]. This limitation makes it
challenging to accurately identify distinct macrophage sub-
populations and their interactions with other cells in the kid-
ney. Recently, several studies have combined scRNA-seq and
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spatial transcriptomics to gain a more comprehensive under-
standing of the complex interactions between macrophages
and other cell types in the kidney. For instance, an
ECM-remodeling macrophage subset with proinflammatory
and profibrotic characteristics has a strong spatial depen-
dency with proximal tubular cells and neutrophils at the
early stages after AKI but a dependency with fibroblasts at
the chronic stages. Additionally, the authors used ligand-
receptor interaction pairs predicted by CellChat DB to reveal
that the Igfi-Igfir signaling axis mediates the interactions
between ECM-remodeling macrophages and fibroblasts in
kidney fibrosis [14]. Through integrated single-cell and spatial
transcriptomics, macrophages were shown to be the central
mediators governed by platelet-derived signaling following
AKIl in mice. Furthermore, an in-depth analysis of intercellular
cell-cell communications with the CellChat tool revealed that
platelet-derived THBS1 modulates cycling M2 macrophages
and mediates the interaction between macrophages and
fibroblasts in the AKI to CKD transition [71]. In addition, a
study integrated single-nucleus RNA sequencing with spatial
architecture analysis and revealed that F13a1*CD163* macro-
phages specifically interact with injured proximal tubular
cells via the Gas6-Axl signaling axis in a rat model of
crystal-induced kidney injury [89]. Notably, the inference of
intercellular signaling was based on the RNA expression lev-
els of ligands and receptors. Identified molecular interactions
will have to be validated by additional experiments.

Current landscapes of preclinical macrophage-targeted
therapeutic interventions in AKI to CKD transition

Even though about 25% of patients with AKI develop CKD
within a 3-year follow-up period, there are limited drugs to
suppress or reverse the transition from AKI to CKD [90]. The
precise mechanisms of AKI to CKD transition remain incom-
pletely understood. Renal macrophages, one of the most
abundant immune cells, widely engage with parenchymal
and other immune cells to influence inflammatory develop-
ment and tissue repair. Here, we mainly introduce potential
treatments regarding macrophage-related cell-cell communi-
cation (Table 1).

Interfering with recruiting signals of immune cells

Given that recruited moMes are broadly influenced by microen-
vironmental factors from tubular cells and immune cells, mod-
ulating recruitment signals may affect macrophage-mediated
intercellular communication. The crucial role of the CCL2-CCR2
axis in coordinating monocyte/macrophage recruitment makes
it a promising target [102]. The administration of CCR2 inhibitor
RS-102895 significantly reduces the number of CCR2-dependent
macrophage accumulation and attenuates chronic renal dam-
age in murine unilateral IRl [40]. Additionally, PC3-secreted
microprotein (PSMP), a ligand of CCR2, emerges as a promising
therapeutic target for macrophage modulation. PSMP-neutralizing
antibody significantly reduces the population of CCR2* Ly6Ch or
F4/80"" infiltrated macrophages and attenuates IRl-induced AKI
models in mice [91]. The S100a9" Ly6C" moMes subsets have

shown frequent interaction with KRMs through S100a8/a9-TLR4
to amplify renal inflammation following the murine IRI-induced
AKI. Two S100a9 inhibitors (tasquinimod and paquinimod) can
bind the $100a8/a9 alarmin heterodimer and disrupt the inter-
action between S100a8/a9" Ly6C" moMeps and KRMs, thereby
improving long-term outcomes with decreased kidney fibro-
sis [29].

Mesenchymal stem cells (MSCs), originating from the meso-
derm, exhibit self-renewal potential and have a strong ability
to differentiate into multiple cell lineages [103]. MSC-derived
EVs proved more effective in promoting kidney repair com-
pared with the direct administration of MSCs [104]. CCR2
high-expressed MSCs-derived exosomes tend to bind to their
ligand CCL2 and reduce the recruitment of circulating macro-
phages in the murine IRI-induced AKI [92]. Additionally, human
Wharton-Jelly MSCs-derived microvesicles (hWJMSC-MVs) ame-
liorate renal injury in both acute and chronic stages by down-
regulating CX3CL1 expression and decreasing the accumulation
of CD68* macrophages within the damaged kidney [93].
Following tissue injury, VECs can quickly up-regulate P-selectin,
a cell adhesion molecule, which mediates monocyte slow roll-
ing, arrest, and migration [105]. Zhang et al. found that
P-selectin binding peptide-modified human placenta mesen-
chymal stem cell-derived extracellular vesicles (MSC-EVs) spe-
cially target damaged endothelial cells, reduce moM¢ adhesion
and promote kidney reparative angiogenesis to assist kidney
repair [94].

Inhibition of TGFB1-Smad3 signaling in macrophage to
myofibroblast transition

Current research has highlighted the mechanisms underlying
the MMT process in CKD development [106]. The TGF-$1/
Smad3 is one of the driving signaling pathways of the MMT
process. A study demonstrated that moderate stimulation of
TGF-f induces macrophage polarization toward the M2c phe-
notype, whereas excessive stimulation of TGF-f facilitates
M2a-derived MMT, characterized by enhanced ECM produc-
tion [18]. However, direct inhibition of excessive TGF-f3 signal-
ing has not proven effective in slowing the progression of
CKD in both humans and mice [107,108]. Furthermore, tar-
geted deletion of TGF-f2 in the proximal tubule exacerbates
mitochondrial damage and enhances the Th1 inflammatory
response [109]. Thus, selective inhibition of specific TGF-3
subtypes or targeted blockade of downstream effector mole-
cules may offer a more effective approach to mitigating kid-
ney fibrosis.

Macrophages undergoing MMT in sites of fibrosis in mouse
and human CKD were identified with high expression of POU
Class 4 Homeobox 1 (Pou4f1), a downstream regulator of the
TGF-$1/Smad3. The pou4fl-silencing effectively mitigates
MMT-induced fibrosis in vitro and in vivo [95]. To enhance the
precision of drug delivery to fibrotic macrophages, one study
designed a nanoemulsion that is composed of a-tocopherol
succinate (a-TOS), egg yolk lecithin-80 (E80), and medium
chain fatty acids (MCT). This nanomedicine co-loaded with
endoplasmic reticulum stress inhibitors (Ceapin7) and conven-
tional glucocorticoids (dexamethasone), named multistage
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Table 1. Current status of preclinical intervention of macrophage-adjacent cell communication in AKI to CKD transition.

Study Model Therapeutic strategy Therapeutic outcomes Reference
Interfering with recruiting signals of immune cells
Xu et al. IRI CCR2 inhibitor (R$102895) RS-102895 reduces the number of CCR2-dependent macrophage accumulation [40]
and attenuates chronic renal damage.
Song et al. IRl PSMP-neutralizing PSMP-neutralizing antibody reduces the population of CCR2* Ly6C" or F4/80'" [91]
antibody infiltrated macrophages and attenuates IRI-induced AKI.
Yao et al. IR S100a8/a9 inhibitor $100a9 inhibitor binds the $100a8/a9 alarmin heterodimer and disrupts the [29]
interaction between S100a8/a9"Ly6C" moMeps and KRMs, thereby improving
long-term outcomes with decreased kidney fibrosis.
Shen et al. IRl MSC-Exo CCL2 high-expressed MSC-Exo bind to its ligand CCL2 and reduce the recruitment [92]
of circulating macrophages.
Zou et al. IRl HWJMSC-MVs HWJMSC-MVs downregulate CX3CL1 expression in the kidney and decrease the [93]
accumulation of CD68* macrophages.
Zhang et al. IRl PBP-EVs P-selectin binding peptide-engineered extracellular vesicles (PBP-EVs) target [94]
damaged endothelial cells, reduce monocyte-derived macrophage adhesion
and promote kidney reparative angiogenesis to attenuate IRl-induced AKI.
Inhibition of TGFB1-Smad3 signaling in macrophage to myofibroblast transition
Tang et al. UUO  Pou4f1 silence The pou4fi-silencing effectively mitigates MMT-induced fibrosis in vitro and [95]
in vivo by downregulating the TGF-B1/Smad3 pathway.
Luo et al. UUO  Nanoemulsions (T-NE Nanoemulsions (T-NE (C + D)) well suppress the MMT by regulating the ATF6/ [18]
(C+ D) TGF-B/Smad3 signaling axis within macrophages and promote macrophage
polarization toward the M2c phenotype.
Qiang et al. UUO MR inhibitor Esaxerenone suppresses aldosterone-induced MR activation and TGF-f production [96]
(Esaxerenone) to halt the MMT process in fibrotic kidneys.
Chen et al. UUO  P2Y12 inhibitor P2Y12 inhibitor counters the upregulation of P2Y12 by TGF- and suppresses the [971
TGF-B/Smad3-induced MMT process.
Depletion of disease-associated macrophages
Deng et al. IRl Kinase inhibitor (GW2580) GW2580 reduces the population of Ly6C*M2-like macrophage infiltration, [98]
mitigating ischemia-induced AKI and subsequent kidney fibrosis.
Sung et al. CIN  Kinase inhibitor (PLX3397) PLX3397 attenuates cisplatin-induced ototoxicity and nephrotoxicity by decreasing [99]
CX3CR1* macrophage-induced accumulation in the kidney.
Hu et al. IRl Clodronate Clodronate-loaded liposomes alleviate renal fibrosis and tissue damage by [100]
reducing macrophage-derived inflammatory cytokines.
Ouyang et al. IRl BIVA-PK Bioactivated in vivo assembly peptide conjugated LTX-315(BIVA-PK) induces the [101]

death of Fn1*Spp1*Mrc* macrophages and disrupts their mitochondrial
homeostasis to reduce fibrotic cell communication.

IRI: ischemia-reperfusion injury; CIN: cisplatin-induced nephrotoxicity; UUO: unilateral ureteral obstruction; PSMP: PC3-secreted microprotein; MSC-Exo: mes-
enchymal stem cell-derived exosomes; HWJMSC-MVs: human Wharton-Jelly mesenchymal stem cell-derived microvesicles; PBP-EVs: P-selectin binding
peptide-engineered extracellular vesicles; nanoemulsions (T-NE(C + D)): T (a-tocopherol succinate (a-TOS)), E (egg yolk lecithin-80 (E80)), C (Ceapin7), D
(dexamethasone); BIVA-PK: bioactivated in vivo assembly peptide conjugated LTX-315 (PK).

targeted nanoemulsions (T-NE (C + D)), significantly sup-
presses the MMT by regulating ATF6/TGF-B/Smad3 signaling
axis and promotes macrophage polarization toward M2c phe-
notype [18]. In addition, some applied clinical drugs exhibit
effectiveness in inhibiting MMT. For instance, aldosterone
mainly promotes M1 macrophage-to-myofibroblast transition
by activating mineralocorticoid receptor (MR) and upregulat-
ing the expression of TGF-B1, while MR inhibitor eplerenone
can counter these effects [96]. One study revealed that TGF-3
can regulate the expression level of the P2Y12 receptor on
macrophages in the fibrotic kidney. The administration of
clopidogrel, a P2Y12 inhibitor, inhibits the TGF-f-induced
upregulation of P2Y12 on macrophages and subsequently
suppresses the TGF-3/Smad3-mediated MMT [97].

Depletion of disease-associated macrophages

Advancements in scRNA-seq and spatial transcriptomics have
further identified disease-associated macrophage subpopula-
tions and targeting these cells could interrupt adverse com-
munication with adjacent cells during AKI to CKD transition.
For instance, M2 macrophages are implicated in the progres-
sion of kidney fibrosis due to their elevated expression of
profibrotic genes, including Fni, Sppl, and Tgf-8 [11]. The
CSF-1/CSF-1R  signaling pathway proves vital for the

development, survival, and activation of macrophages [110].
Several studies have explored the efficacy of kinase inhibitors
targeting CSF-1R. For example, GW2580 has been shown to
significantly reduce profibrotic Ly6C*M2-like macrophage
infiltration, thereby mitigating ischemia-induced AKI and sub-
sequent kidney fibrosis [98]. Interestingly, PLX3397, another
kinase inhibitor, can attenuate cisplatin-induced ototoxicity
and nephrotoxicity by decreasing CX3CR1* macrophage-
induced accumulation of cisplatin in the kidney [99]. However,
in CSF-1 deficient mice, there is a significant increase in renal
calcium oxalate crystal deposition because of a large reduc-
tion of CD11b*F4/80*CD163*CD206M" macrophages com-
pared to wild-type mice. The supplementation with human
recombinant CSF-1 or the exogenous infusion of M2-like mac-
rophages into CSF-1 deficient mice can mitigate kidney crys-
tal formation [111]. Wang et al. also demonstrated that loss
of CSF-1 in the proximal tubule delays renal repair following
IRI for reduction of M2 macrophages, ultimately exacerbating
tubulointerstitial fibrosis [39]. Therefore, extensive inhibition
of CSF-1 signaling may impair macrophage functions to pro-
mote renal tissue repair and regeneration. Clodronate has
been extensively utilized for the depletion of macrophages
due to its ability to inhibit ATP-dependent enzymes and dis-
rupt cellular energy metabolism, ultimately inducing
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macrophage apoptosis. The application of clodronate-loaded
liposomes has demonstrated efficacy in renal fibrosis and tis-
sue damage by reducing macrophage-derived inflammatory
cytokines [100]. However, in the context of IRI, liposomes
were demonstrated to impede tubular cell proliferation and
recovery during the recuperative phase [112]. Moreover,
clodronate-loaded liposomes harm the abundance of osteo-
clasts in bone tissue and worsen osseous healing after sys-
temic macrophage depletion [113]. The above indicates that
systemic macrophage depletion easily increases the risk of
immune-related adverse effects and selected treatment of
pathogenic macrophage subpopulation is a future research
direction.

To address these concerns, targeted drug delivery systems
using modifications of monoclonal antibodies, peptides, and
small molecule compounds have been developed for
macrophage-targeted therapy. For example, a bioactivated
in vivo assembly (BIVA) peptide system consists of mannose
targets, an in situ nanofiber-like assembly, and LTX-315 (PK).
This drug-delivery system aims to reduce Fn1*Spp1*Mrc1*
macrophages and disrupts their mitochondrial homeostasis
to reduce fibrotic cell communication in the murine model of
IRI [101].

Conclusions and future perspectives

Currently, emerging studies have emphasized the central
roles of renal macrophages in inflammation, proliferation,
and tissue repair after kidney injury. Macrophages can differ-
entiate into different phenotypes to adapt to the local
microenvironment. Furthermore, due to their strategic loca-
tion in the kidney, renal macrophages widely engage in
direct and paracrine interaction with neighboring cells to
promote inflammatory and ECM remodeling microenviron-
ment. Despite recent advances, our understanding of cell-
cell communication networks based on specific macrophage
subpopulations within the kidney remains shallow. To ulti-
mately make renal macrophages more controllable, an
in-depth understanding of the mechanisms of regulating
intercellular communication is needed. Although significant
progress has been made in targeting disease-associated
macrophages to alleviate kidney injury and fibrosis, very few
drugs have advanced to clinical applications because of lim-
ited safety. Thus, there is an urgent need to develop highly
targeted therapeutics for disease-associated macrophage
subsets. It is noted that the use of macrophage-derived EVs
as drug carriers combined with membrane modification
techniques has recently gained significant momentum due
to their advantages of biocompatibility, targeting, and drug
delivery diversity [114]. It is anticipated that more drugs
designed to interrupt cell communication will soon enter
clinical use.
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