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The hepatocyte growth factor/c-met
pathway is a key determinant of the fibrotic
kidney local microenvironment

Haiyan Fu,1,2,9 Yuan Gui,3,9 Silvia Liu,1,9 Yuanyuan Wang,1 Sheldon Ira Bastacky,1 Yi Qiao,4 Rong Zhang,5

Christopher Bonin,6 Geneva Hargis,6 Yanbao Yu,7 Donald L. Kreutzer,4 Partha Sarathi Biswas,8 Yanjiao Zhou,6

Yanlin Wang,3 Xiao-Jun Tian,5,* Youhua Liu,1,* and Dong Zhou3,10,*

SUMMARY

The kidney local microenvironment (KLM) plays a critical role in the pathogenesis
of kidney fibrosis. However, the composition and regulation of a fibrotic KLM
remain unclear. Through a multidisciplinary approach, we investigated the roles
of the hepatocyte growth factor/c-met signaling pathway in regulating KLM for-
mation in various chronic kidney disease (CKD) models. We performed a retro-
spective analysis of single-cell RNA sequencing data and determined that tubular
epithelial cells and macrophages are two major cell populations in a fibrotic
kidney. We then created a mathematical model that predicted loss of c-met in
tubular cells would cause greater responses to injury than loss of c-met in macro-
phages. By generating c-met conditional knockout mice, we validated that loss of
c-met influences epithelial plasticity, myofibroblast activation, and extracellular
matrix synthesis/degradation, which ultimately determined the characteristics
of the fibrotic KLM. Our findings open the possibility of designing effective
therapeutic strategies to retard CKD.

INTRODUCTION

As the final outcome of chronic kidney disease (CKD), renal fibrosis is clinically described as inevitable, irre-

versible, and refractory (Duffield, 2014; Ruiz-Ortega et al., 2020). Over the years, substantial studies have

deepened our understanding of renal fibrosis pathogenesis by interpreting the behavioral changes of resi-

dent or infiltrated cells and corroborating the participation of countless secreted factors in diseased kid-

neys at multiple biological dimensions (Kramann et al., 2015; Wen et al., 2019; Yang et al., 2010; Zhou

et al., 2017). Technological advances along with unbiased evidence from high-throughput analyses have

reilluminated the concept of the ‘‘kidney local microenvironment’’ (KLM) that may fully illustrate the path-

ologic changes of CKD (Conway et al., 2020; Kuppe et al., 2021; Park et al., 2018; Wu et al., 2019, 2020).

A KLM in healthy individuals is composed of mixtures of kidney cells that cooperate to maintain tissue

integrity. In CKD, a disease-perpetuating KLM is formed and becomes a hallmark of the disease. Under

fibrotic circumstances, the pathologic KLM surrounding a diseased spot is more than merely a static

nest on which injured cells rest, but an active ‘‘communicator’’ that controls the balance of extracellular ma-

trix (ECM) synthesis and degradation (Prunotto and Moll, 2011). Specific to renal tubulointerstitial injury,

aberrantly activated fibroblasts, infiltrated inflammatory cells, and relentlessly deposited ECM are key con-

stituents of the fibrotic site (Feng et al., 2018; Fu et al., 2017; Perry et al., 2019; Ren et al., 2019). Emerging

data demonstrate that renal epithelial cells direct fibrotic biology of CKD, rather than being victims or

bystanders. Amid the formation of a fibrotic KLM, epithelial cells communicate with resident fibroblasts

or infiltrated cells to carry out so-called maladaptive repair (Maarouf et al., 2016; Zhou et al., 2014, 2017).

In the meantime, some injured epithelial cells exhibit mesenchymal characteristics after undergoing partial

epithelial-mesenchymal transition (EMT), or epithelial plasticity (Chang-Panesso and Humphreys, 2017; Liu,

2010; Lovisa et al., 2015; Nieto, 2013). Although each cellular component is a functional single entity in the

fibrotic KLM, the dynamics of the network within cellular and non-cellular compartments remain

ambiguous.
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Hepatocyte growth factor (HGF) is a mesenchymal-derived, multifunctional protein that prevents kidney

fibrogenesis (Liu, 2002). The biological activities of HGF are mediated mainly by the c-met receptor

expressed on most types of kidney cells (Matsumoto and Nakamura, 2001). HGF/c-met signaling is tightly

linked to multiple cellular processes, including proliferation, survival, motility, angiogenesis, invasion, and

metastasis (Noriega-Guerra and Freitas, 2018). Amid the development of renal fibrosis, HGF can interact

with matricellular protein/protease to either sequester HGF away from the cell surface or degrade the syn-

thesized matrix to regulate ECM turnover, by which determines the kidney fate after CKD. However, the

roles of HGF in building the fibrotic KLM have not been well characterized. Novel, multidisciplinary studies

are necessary to unveil the mysteries of this comprehensive system.

In this study, we investigated the formation of fibrotic KLM in human CKD patients. Through data mining,

mathematical model construction, and conditional knockout mice, we specified the characteristics and

functions of tubule- and macrophage-derived c-met in fibrotic KLM formation. Our study provides a new

angle to systemically explore the unrecognized mechanisms of kidney fibrosis.

RESULTS

The characteristics of KLM in human diseased kidneys

To establish the clinical relevance of fibrotic microenvironment formation in the pathogenesis of human

CKD, we first specified the features of KLM in kidney biopsy specimens from CKD patients with different

etiologies (diagnosis and demographic data are shown in Table S1). As illustrated in Figure 1, the classic

marker of myofibroblasts a-smooth muscle actin (a-SMA) was significantly activated in all enrolled patients

diagnosed with focal segmental glomerulosclerosis (FSGS), IgA nephropathy (IgAN), and membranous

nephropathy (MN), compared with non-tumor normal human kidneys. Interestingly, a-SMA-associated

fibrotic lesions were not homogeneous throughout the kidney (Figure 1A). The size of this fibrotic area

appeared to be associated with the severity of CKD in each patient.

To further describe the features of KLM, we analyzed the expression of vimentin, a well-known type III

intermediate filament protein, and found that it was expressed in mesenchymal cells of the kidney biopsy

specimens. Vimentin was predominantly localized to the interstitium and renal tubules. The vimentin + cell

distribution in diseased kidneys was focal, although vimentin + cell density was much lower than a-SMA.

These vimentin + fibroblasts and tubular cells produce a large amount of ECM components at certain

foci, which serve as the backbone of a fibrotic KLM. Through partial EMT or epithelial plasticity, vimentin +

tubular cells possess the mesenchymal characteristic that promotes active involvement in fibrotic KLM

formation (Figure 1A). Furthermore, CD68, a protein highly expressed by circulating monocytes/tissue

macrophages, and CD14, a human protein made mostly by macrophages were detected surrounding

the fibrotic focal sites in human diseased kidneys (Figure 1A). The quantified expression levels of

a-SMA, vimentin, CD68, and CD14 are presented in Figures 1B–1E. Together, these data indicate that

myofibroblasts, vimentin + fibroblasts, tubular epithelial cells, and macrophages occupy the fibrotic

KLM lesions in chronically injured kidneys.

HGF/c-met expression in tubular epithelial cells and macrophages may mediate fibrotic KLM

formation

Cellular components and secreted soluble factors are necessary for fibrotic KLM formation. However, our

understanding of the pathogenesis of CKD is largely limited due to incomplete molecular characterizations

of the various types of cells responsible for kidney homeostasis (Park et al., 2018). We previously reported

HGF is a mesenchymal-derived potent mitogen that inhibits kidney fibrogenesis by binding to its receptor

c-met (Yang et al., 2003). To further delineate the cell specificity of HGF/c-met expression, we analyzed

publicly available bulk RNA-seq and single-cell RNA-seq data. To investigate the overall expression of

HGF and c-met in the whole kidney, we analyzed RNA expression data from a study where fibrosis was

induced in mice using unilateral ureteral obstruction (UUO) (or sham control), RNA was extracted 5 and

Figure 1. The characteristics of KLM in human diseased kidneys

(A) Representative immunohistochemical staining images showing the patterns of a-SMA, vimentin, CD68, and CD14 expression in non-tumor normal

human kidney (n = 3), and kidney biopsy specimens from patients diagnosed with focal segmental glomerulosclerosis (FSGS), IgA nephropathy (IgAN), and

membrane nephropathy (MN). Five cases were employed per diagnosis. The images in the blue channel were used to identify the fibrotic area (blue outline).

Arrows indicated positive staining. Scale bar, 50 mm. Quantitative data are presented (B–E). Data are represented as mean G SEM. Statistical significance

was assessed by one-way ANOVA, followed by the Student-Newman-Keuls test.
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10 days later, and RNA was sequenced with RNA-seq (Database: GSE125015) (Wu et al., 2020). Our analysis

revealed differential expression of both HGF and c-met genes. In both male and female mouse kidneys,

HGF had high expression at 5 and 10 days after UUO surgery, compared with the sham control (Figure 2A

and S1A). Intriguingly, after UUO, the HGF receptor c-met showed high expression on day 5 but low

expression on day 10 if compared with its levels on day 5 in male mice (Figure 2B). In contrast, female

mice exhibited higher c-met levels in the obstructed kidneys on day 10 than day 5 (Figure S1B).

We then explored c-met expression further at the single-cell level by analyzing single-cell RNA-seq (scRNA-

seq) data from a similar UUOmalemouse study where scRNA-seq was performed 2 and 7 days after surgery

(Database: GSE140023) (Conway et al., 2020). Gene expression in kidney cells was clustered by sham and

2 days or 7 days after UUO injury (Figure 2C). Figure 2D presents the population of c-met+ cells in the whole

kidney single-cell pool. We found that tubular epithelial cells andmacrophages are two major cellular pop-

ulations in the obstructed kidney (Figures 2E–2H). In the fibrotic kidneys, the ratio of c-met+: c-met- cells

was high in the loop of Henle/distal convoluted tubules (DCT, labeled by Umod gene marker) and collect-

ing ducts (labeled by Tfcp2l1 gene marker), but relatively low in the macrophage population (labeled by

Cx3cr1 gene marker). Collectively, through public data mining, we found that tubular epithelial cells, mac-

rophages, and the HGF/c-met pathway are potentially involved in building the fibrotic KLM.

Mathematical modeling predicts tubular epithelial cells and macrophages accelerate fibrotic

KLM formation

Our analysis of public RNA-seq data determined that c-met is specifically expressed in the loop of Henle/

distal convoluted tubules, collecting ducts, and somemacrophages at the single-cell level in a UUO kidney

Figure 2. HGF/c-met expression in tubular epithelial cells and macrophages may mediate fibrotic KLM formation

(A and B) Bulk RNA-seq data (Database: GSE125015) showing (A) normalized HGF and (B) c-met expression in whole male mouse kidneys subjected to sham

surgery (control) or UUO after 5 and 10 days. Data are represented asmeanG SEM. Statistical significance was assessed by one-way ANOVA, followed by the

Student-Newman-Keuls test.

(C–H) Single-cell RNA-seq data (Database: GSE140023) were visualized by UMAP algorithm, where UMAP_1 and UMPA_2 represent the two reduced

dimensions and each dot in the figure indicates one cell. (C) Kidney single cells clustered by sham control or 2 days and 7 days after UUO. At the single-cell

level, (D) c-met expression was localized in specific subpopulations of kidney cells. Expression of Slc34a1, Umod, Tfcp2l1, and Cx3cr1 identified a

subpopulation of kidney tubular cells (E-G) and macrophages (H).
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fibrosis model. Therefore, to further understand the exact roles of HGF/c-met signaling in tubular epithelial

cells (E) and macrophages (M) in fibrotic KLM formation, we developed a mathematical model by consid-

ering tubular epithelial cells and their phenotypic transition, macrophage activation, ECM accumulation,

HGF, and the communications among these elements (Figure 3A). First, we conducted a steady-state anal-

ysis. We found that the threshold of kidney fibrosis was markedly increased along with the changes of HGF

levels both in tubular epithelial cells and macrophages (Figure 3B). Knockdown of HGF/c-met signaling in

either tubular epithelial cells or macrophages accelerated excessive ECM accumulation. Intriguingly, the

Figure 3. Mathematical modeling predicts tubular epithelial cells and macrophages accelerate fibrotic KLM formation

(A) Diagram of the cell-cell communication model for renal fibrosis.

(B) Bifurcation diagram of ECM level with respect to macrophage activation rate (km0) (Left). The dependence of the fibrosis threshold (SN) on the levels of

epithelial-HGF (E-HGF) and macrophage-HGF (M-HGF) (Right).

(C) The dose-response curve of ECM levels with respect to the injury level under either E-HGF c-met�/� (orange line) or M-HGF c-met�/� (yellow line)

knockdown (Left). The WT c-met+/+ (blue line) is shown as a control. The temporal dynamics of ECM level under normal, E-HGF knockdown, and M-HGF

knockdown conditions (Right). The injury level is fixed as high.

(D) The temporal dynamics of the system variables in the space of the injury levels under normal (c-met+/+), E-HGF knockdown, andM-HGF knockdown conditions.

(E) The dependence of the repair and fibrosis scores on M-HGF (Left) and E-HGF (Right).

(F) Phase diagram of repair and fibrosis scores in the space of M-HGF and E-HGF.
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Figure 4. Tubular-specific ablation of c-met exacerbates fibroblast activation and ECM synthesis

(A) Schematic diagram depicting the generation of tubular epithelial cell-specific c-met conditional knockout mice.

(B) Mice genotyping analyses for the control mice used in this study (genotype: c-metfl/fl, lane 1), designated as Ksp-met+/+, while lane 2 demonstrates the

genotyping of the tubular c-met knockout mice (genotype: c-metfl/fl, Cre), designated as Ksp-met�/�.
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threshold of fibrosis wasmuchmore sensitive to HGF/c-met abundance in tubular epithelial cells than HGF/

c-met abundance in macrophages (Figure 3B). We also performed sensitivity analysis, which shows that

15% increase or decrease of each parameter did change the threshold of fibrosis under wild type (WT),

E-HGF/c-met�/�, and M-HGF/c-met�/� (Figures S2A–S2C). However, the fibrosis threshold decreased

in both knockdown cases as demonstrated by the ratio of fibrosis threshold in the knockdown cases to

that in the WT case (SNE c-met�/�/SNWT and SNM c-met�/�/SNWT) which was always smaller than 1 (Figures

S2D and S2E). This confirms the prediction that both tubular epithelial cells and macrophages accelerate

fibrotic KLM formation. We noted that SNE c-met�/�/SNWT is always much smaller than SNM c-met�/�/SNWT

(Figures S2D and S2E), confirming that the threshold of fibrosis was much more sensitive to HGF/c-met

abundance in tubular epithelial cells than in macrophages. This finding was further confirmed in the

dose-response of ECM accumulation under different injury levels (Figure 3C, Left). Furthermore, through

a head-to-head comparison, ECM accumulation was significantly accelerated if loss of HGF/c-met

occurred in tubular epithelial cells than if deletion occurred inmacrophages (Figure 3C, Right). In Figure 3D,

the different rates of ECM accumulation were further demonstrated in various tubular epithelial cells, mac-

rophages, and epithelial phenotypic transition cells at multiple levels of injury. It was clear that when c-met

is knocked down in epithelial cells, the activated epithelial cells undergo rapid phenotypic transitions, and

macrophage activation is accelerated, leading to greater renal fibrosis. In other words, there was a trade-

off for renal damage repair and fibrosis in the current system (Tian et al., 2020), which is consistent with the

HGF signaling changes in both tubular cells and macrophages. The repair score was increased while the

fibrosis score was certainly decreased along with the changes of HGF levels, as shown in Figure 3E.

When examining the effects of HGF signaling in tubular epithelial cells and macrophages, the repair score

was maximal when both epithelial cells and macrophages expressed a high level of HGF while the fibrosis

score was maximal when both cell types expressed no HGF (Figure 3F). Thus, the levels of HGF signaling

in both tubular epithelial cells and macrophages were well balanced according to this trade-off.

Perturbations of HGF signaling in different kidney cells are believed to lead to the heterogeneous nature

of the fibrotic KLM.

Tubular-specific ablation of c-met exacerbated fibroblast activation and excessive ECM

synthesis

Since c-met is enriched in the loop of Henle/distal convoluted tubules and collecting ducts in the fibrotic

kidney at the single-cell level, and to validate the prediction produced by the mathematical model, we first

generated conditional knockout mice using the Cre-LoxP system where the c-met receptor was specifically

deleted in the loop of Henle/distal convoluted tubules and collecting ducts (Figure 4A and Figures S3A–

S3C). Homozygous c-met-floxed mice were mated with the transgenic mice expressing Cre recombinase

under the control of the Ksp-cadherin promoter to create tubule-specific c-met conditional knockout

mice (designated as Ksp-met�/�; Figure 4B, lane 2). Age and sex-matched c-met-floxed littermates

(designated as Ksp-c-met+/+) were used as controls (Figure 4B, lane 1). Mice with tubule-specific deletion

of c-met (Ksp-met�/�) were phenotypically normal. Immunostaining showed that there was no difference

in E-cadherin, fibronectin, a-SMA, and type I collagen expression between Ksp-met+/+ and Ksp-met�/�
mice under physiological conditions (Figures 4C and S3D). To enhance the reproducibility of our analyses, a

total of 23 mice were subjected to three well-characterized models of renal fibrosis induced by renal

ischemic-reperfusion injury (IRI, Figure 4D), folic acid (FA) administration (Figure 4E), and UUO (Figure 4F).

Considering there was no appreciable abnormality in kidney tubule integrity of Ksp-met�/� mice

compared with Ksp-met+/+ mice (Zhou et al., 2013), to minimize the animal number used in a single study,

we did not include sham control groups in the FA and IRI models.

Figure 4. Continued

(C) Immunofluorescence staining showing E-cadherin expression in the untreated Ksp-met+/+ and Ksp-met�/� mouse kidneys. Scale bar, 50 mm.

(D–F) Diagrams representing the strategies for the surgeries or treatment in mice, IRI (10 days), FA (60 days), and UUO (7 days).

(G–I) qPCR analyses revealed the mRNA abundance of FN, a-SMA, type I collagen, type III collagen, or TGF-b in Ksp-met+/+ and Ksp-met�/�mice kidneys

after IRI (G), FA (H), and UUO (I). n = 3–6.

(J–O) Western blot analyses demonstrated FN and a-SMA protein expression in Ksp-met+/+ and Ksp-met�/�mice kidneys after IRI (J), FA (L), and UUO (N),

and quantified data (K, M, and O). Dots indicate individual animals within each group. n = 3–4.

(P–R) Representative micrographs for Masson’s trichrome, Sirius red, a-SMA, and FN staining in kidneys from Ksp-met+/+ and Ksp-met�/� mice after IRI,

FA, and UUO. n = 3–4. Scale bar, 50 mm. IRI, ischemia-reperfusion injury; FA, folic acid injection; UUO, unilateral ureteral obstruction. Data are represented as

meanG SEM. Statistical significance was assessed using a two-tailed Student’s t-test or the Rank Sum Test if data failed in normality test or two-way ANOVA,

followed by the Student-Newman-Keuls test.
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After IRI at 10 days, mRNA expression levels of the fibrosis-related genes fibronectin, a-SMA, type I

collagen, and type III collagen were significantly increased in the Ksp-met�/� mice diseased kidneys

compared to Ksp-met+/+ mice (Figure 4G). Similarly, these genes were consistently induced in Ksp-

met�/� mice kidneys 60 days after FA administration and 7 days after UUO, compared with Ksp-

met+/+ controls (Figures 4H and 4I). Western blot analyses demonstrated markedly elevated expression

of fibronectin and a-SMA proteins in the diseased kidney of Ksp-met�/� mice in all three models,

compared with their littermate controls (Figures 4J–4O). Furthermore, by immunostaining, Masson’s tri-

chrome staining (MTS), and Sirius red staining, we identified significantly activated a-SMA +myofibroblasts

and collagen focal deposition in the fibrotic kidneys of Ksp-met�/�mice in all three models, compared to

the Ksp-met+/+ controls (Figures 4P–4R, S4A–S4F). Meanwhile, 60 days after FA injection, loss of tubular

c-met resulted in kidney dysfunction, increased infiltration of F4/80 +macrophages in the diseased kidneys,

and mRNA upregulation of secreted cyto-chemokines, such as monocyte chemoattractant protein-1

(MCP-1), regulated on activation normal T cell expressed and secreted (RANTES), and tumor necrosis

factor-a (TNF-a), compared with Ksp-met+/+ controls (Figures S5A–S5C). In addition, in cultured human

kidney proximal tubular cells (HKC-8), the induction of a-SMA by transforming growth factor b1 (TGF-b1)

was largely abolished after incubation with HGF recombinant protein, while it could be restored by inhib-

iting c-met activity (Figure S5D). Together, these data indicate that tubular c-met is a critical regulator of

the formation of the multi-cellular components involved in comprehensive fibrotic KLM.

Loss of tubular c-met influenced epithelial cell plasticity towards fibrosis

Previously, we and others reported that HGF/c-met signaling plays an ‘anti-EMT’ role in renal fibrosis (Yang

et al., 2005; Yu et al., 2009). However, EMT is a controversial topic in renal fibrogenesis (Kriz et al., 2011; Liu,

2010). Current evidence indicates that epithelial cell phenotypic transition undergoes partial EMT or

epithelial plasticity rather than complete EMT (Saitoh, 2018), which poses a higher risk in driving kidney

fibrosis (Lovisa et al., 2015, 2016; Sheng and Zhuang, 2020). The definition of ‘epithelial plasticity’ is that

cells possess the ability to reversibly change their phenotype (Nieto, 2013). To refresh our understanding

of the role of HGF/c-met in epithelial plasticity, we examined vimentin expression in fibrotic kidneys

collected from the three CKD models. As shown in Figures 5A–5F, western blot analyses demonstrated

marked induction of vimentin in fibrotic kidneys of Ksp-met�/�mice, compared with Ksp-met+/+ controls.

We next sought to determine the localization of vimentin+ cells in the fibrotic kidneys. In all three CKD

models, by immunohistochemical staining, we found a certain amount of vimentin+ tubular epithelial cells

exhibited mesenchymal characteristics in Ksp-met�/�mice kidneys, compared with Ksp-met+/+ controls

(Figure 5G, ‘‘Zoomed’’; Figures S6A–S6C). In particular, we found that the distribution of vimentin+ tubular

cells was scattered across the Ksp-c-met�/� mice kidneys in the FA model (Figure 5H). These vimentin+

epithelial cells could be classified as all 6 phases (0–5) even though they reside in a single fibrotic kidney,

which reflects the spectrum of the phenotypic changes in tubules. Along with the increased number of

vimentin+ cells in the diseased tubules, a number of cellular components start to migrate and noncellular

components get recruited to the injured site to form irreversible structural changes. Of note, E-cadherin, a

tubular epithelial cell adhesion molecule, was also largely diminished in the Ksp-met�/� mice fibrotic

kidneys, compared with Ksp-met+/+ controls (Figure S6D).

To further delineate the localization of the vimentin+ tubular cells in fibrotic kidneys, we performed double

immunostaining for vimentin (green) and a marker of the tubular base membrane, laminin (red), in kidneys

after FA administration. From a 2-D perspective, the majority of vimentin+ tubular cells remained in their

original locations after injury in Ksp-c-met�/�mice kidneys, although vimentin expression was significantly

Figure 5. Specific deletion of c-met in tubules influences epithelial plasticity towards kidney fibrosis

(A–F) Western blot analyses demonstrated vimentin expression in Ksp-met+/+ and Ksp-met�/�mice kidneys after IRI (A), FA (C), and UUO (E). Quantitative

data presented in B, D, and F, respectively. Dots indicate individual animals within each group. n = 3–4. Data are represented as mean G SEM. Statistical

significance was assessed using a two-tailed Student’s t-test.

(G) Immunohistochemical staining showing the distributions of vimentin in Ksp-met+/+ and Ksp-met�/� mice kidneys after IRI, FA, and UUO. Scale bar,

50 mm.

(H) Representative images showing the induction of vimentin in diseased tubules after FA. Scale bar, 25 mm.

(I and J) Immunofluorescence staining for vimentin expression in kidneys after FA. 3-D reconstruction images (J, J1–J4). Scale bar, 25 mm.

(K) Representative micrographs showing the localization of td-Tomato + cells by co-staining with laminin and vimentin in Ksp-tdTom�/�mice treated with

HGF inhibitor or vehicle at 10 days after IRI. Scale bar, 25 mm.

(L) Pie chart of vimentin+/td-Tomato+ tubular cells in fibrotic kidneys after IRI. IRI, ischemia-reperfusion injury; FA, folic acid injection; UUO, unilateral

ureteral obstruction.
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Figure 6. Macrophage-specific deletion of c-met enhances fibrosis but has little effect on extracellular matrix (ECM) synthesis

(A) Schematic diagram showing the generation of macrophage-specific c-met deletion mice.

(B and C) qPCR analyses of FN, a-SMA, type I collagen, and type III collagenmRNA in Lyz-met+/+ and Lyz-met�/�mice kidneys after IRI at 10 days and UUO

at 7 (1 week [w]) and 14 days (2 w). n = 4–5.

(D–G)Western blot analyses of FN, a-SMA, and TNCprotein expression in Lyz-met+/+ and Lyz-met�/�mice kidneys after IRI (D) and UUO (F). Quantification

of protein expression for IRI (E) and UUO (G). Dots indicate individual animals within each group. n = 3–5.
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increased (Figure 5I). By using a 3D reconstruction technique, we found very few vimentin+ tubular cells

traversed into the interstitium through the interrupted tubular basement membrane (Figure 5J, 5J1–

5J4). Consistently, by double staining with vimentin and E-cadherin, we also found that the majority of

vimentin+ tubular cells remained inside the human diseased kidney tubules (Figure S7).

To quantify the number of cells undergoing epithelial plasticity in the fibrotic kidneys after HGF/c-met

signaling blockade, we bred the Ksp-cadherin promoter Cre recombinase mouse line to the floxed-

stopped tdTomato reporter strain and obtained mice expressing robust tdTomato fluorescence in the

target tubular cells, as demonstrated by immunostaining with laminin (Figure 5K). The mice were then

subjected to IRI for 10 days. On the 4th day after surgery, c-met inhibitor SU11274 was administrated in vivo.

At 10 days after IRI, blockade of HGF/c-met signaling markedly aggravated serum creatinine compared

with vehicle controls (Figure S8A). Western blot analyses demonstrated that induction of E-cadherin was

largely abolished after c-met blockade, compared with vehicle controls (Figure S8B). By immunostaining

with vimentin and E-cadherin (Figures 5K and S8C), we found that the overall ratio of vimentin+/tdTomato+

tubular cells was about 4.33 per 100 tdTomato+ cells in the injured kidneys after HGF/c-met signaling

pathway blockade (Figure 5L). In particular, very few vimentin+/tdTomato+ cells detached from the tubule

basement membrane and migrated to the interstitial compartment. Together, these results indicated loss

of HGF/c-met signaling influences epithelial plasticity toward fibrosis.

Macrophage-specific deletion of c-met deteriorates fibrosis but has little effect on ECM

synthesis

To fully understand the composition of the fibrotic KLM, we explored the roles of another essential cellular

component of the KLM, macrophages. To this end, we used the Cre-LoxP system to create a c-met receptor

macrophage-specific conditional knockout mouse (Figure 6A). The Cre recombinase was under the control

of the endogenous lysozyme 2 gene promoter/enhancer elements. The results of the genotyping assay for

the conditional knockout mice (designated as Lyz-met�/�), and their littermates (designated as Lyz-

met+/+) are presented in Figure S9A. Immunofluorescence staining further confirmed that c-met was

effectively deleted in mouse macrophages (Figure S9B). These mice were then subjected to IRI and

UUO, respectively.

At 10 days after IRI and 7 days after UUO, we examined the mRNA expression of fibronectin, a-SMA, type I

collagen, and type III collagen in the fibrotic kidneys. Surprisingly, little differences were observed between

Lyz-met+/+ and Lyz-met�/� mice (Figures 6B and 6C). Serum creatinine levels were markedly induced in

Lyz-met�/� mice after IRI, if compared with Lyz-met+/+ (Figure S9C). Considering that our mathematical

model predicted that loss of c-met in macrophages would cause much less sensitive responses in produc-

ing pathologic ECM compared with tubular cells, we used the Lyz-met�/�mice and controls to reconstruct

the second batch of UUO mice with a prolonged duration to 2 weeks. Again, no changes were observed

between the two groups for the fibrosis-related gene mRNA levels even at 2 weeks after UUO (Figure 6C).

Intriguingly, Western blot analyses demonstrated that fibronectin, a-SMA, and a large oligomeric ECM

glycoprotein which also serves as a major component of the fibrotic KLM, Tenascin C (TNC) (Fu et al.,

2017), were significantly increased in Lyz-met�/� mice fibrotic kidneys after IRI at 10 days or UUO at

7 days, compared with the Lyz-met+/+ controls (Figures 6D–6G). Consistently, Sirius red staining or Mas-

son’s trichrome staining further confirmed excessive collagen accumulation in Lyz-c-met�/�mice kidneys

after IRI or UUO, compared with their littermate controls (Figures 6H and 6I). Immunofluorescence staining

Figure 6. Continued

(H and I) Representative micrographs for Sirius red, Masson’s trichrome, and FN staining in Lyz-met+/+ and Lyz-met�/� mice kidneys after IRI and

UUO, respectively. Scale bar, 50 mm.

(J) Bar graph of collagen/non-collagen ratios in Lyz-met+/+ and Lyz-met�/� mice kidneys after IRI and UUO, respectively. n = 3–5.

(K) qPCR analyses of MCP-1 mRNA in Lyz-met+/+ and Lyz-met�/� kidneys after IRI. n = 4.

(L) qPCR analysis of MCP-1 mRNA in Lyz-met+/+ and Lyz-met�/� mice kidneys after UUO. n = 4.

(M and N) Western blot analyses (M) and quantitative data (N) of MCP-1 protein expression in Lyz-met +/+ and Lyz-met �/� mice kidneys after IRI. Dots

indicate individual animals within each group. n = 3.

(O and P) Western blot analyses (O) and quantitative data (P) demonstrating MCP-1 protein expression in Lyz-met+/+ and Lyz-met�/� mice kidneys after

UUO. Dots indicate individual animals within each group. n = 4.

(Q and R) Representative images showing RANTES, MCP-1, and F4/80 expression in Lyz-met +/+ and Lyz-met�/�mice kidneys after UUO. Scale bar, 50 mm.

(S and T) FACS analysis revealed no significant difference in macrophage numbers from Lyz-met+/+ and Lyz-met�/� mice fibrotic kidneys after IRI at

10 days. n = 6. Data are represented as mean G SEM. Statistical significance was assessed using a two-tailed Student’s t-test.
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Figure 7. Macrophage loss of c-met repressed the capacity to degrade fibrotic ECM

(A) The strategy of bone marrow-derived macrophage (BMDMs) isolation and culture.

(B) Phase-contrast images of BMDM differentiation after stimulation with GM-CSF.

(C) qRT-PCR analysis of tPA and uPA mRNA in BMDMs after incubation with HGF recombinant protein (20 ng/mL) for 1, 2, or 3 days. n = 3.

(D) Western blot analyses demonstrating the induction of tPA in BMDMs after incubation with HGF recombinant protein (20 ng/mL).
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revealed an increased level of fibronectin, type III collagen, and TNC in the Lyz-met�/� mice fibrotic kid-

neys, compared with the Lyz-c-met+/+ mice (Figures 6H and 6I, and S10). Of note, the quantitative assay

determined that the ratio of collagen:non-collagen protein was 1.5�2-fold higher in the Lyz-met�/�mice

fibrotic kidneys after IRI or UUO, compared with Lyz-met+/+ controls (Figure 6J).

In comparison to tubular cells, macrophages possess a powerful capacity to secrete cytokines and chemo-

kines into the interstitial spaces after kidney injury. To further assess the role of macrophage HGF/c-met in

regulating fibrotic KLM formation, we examined pro-inflammatory cytokine expression in the fibrotic kid-

neys of Lyz-met+/+ and Lyz-met�/� mice. As shown in Figures 6K–6P, real-time qRT-PCR and Western

blot analyses demonstrated that MCP-1 mRNA and protein expression (respectively) were both signifi-

cantly upregulated in Lyz-met�/� mice fibrotic kidneys after IRI or UUO, compared with their littermate

controls. When compared with Lyz-met+/+ controls, immunohistochemical staining indicated that the

loss of c-met in macrophages resulted in unusual secretion of RANTES and MCP-1 to the adjacent injured

area, which can accelerate renal fibrosis (Figures 6Q and 6R). Surprisingly, 10 days after IRI, there was little

difference between the numbers of F4/80+ macrophages in the fibrotic kidneys of Lyz-met+/+ and Lyz-

met�/� mice, as demonstrated by flow cytometry assay (Figures 6S and 6T). This result suggested that

loss of HGF/c-met in macrophages impairs their ability to control the secretion of detrimental factors

that result in renal fibrosis progression. Together, these data indicate that loss of c-met in macrophages

increases the risk of fibrotic KLM formation but does not affect the speed of ECM synthesis.

Macrophage loss of c-met repressed the capacity to degrade fibrotic ECM

A vital mechanism involved in fibrotic KLM formation is the dynamic balance between ECM synthesis and

degradation. Secretion of ECM-degrading proteases plays a key role in regulating ECM turnover and

degradation (Baricos et al., 1995; Yang et al., 2002). Since macrophage-derived c-met had little effect on

ECM synthesis, we further investigated the function of macrophage HGF from another aspect – ECM

degradation. To this end, we isolated monocytes from the bone marrow of mice and stimulated them

with granulocyte-macrophage colony-stimulating factor (GM-CSF) to induce differentiation of bone

marrow-derived macrophages (BMDMs; Figures 7A and 7B). BMDMs were incubated with HGF recombi-

nant protein for 1, 2, or 3 days. Considering ECM-degrading proteases are key drivers of collagen

degradation, we broadly profiled the expression of various proteases in the differentiated BMDMs. As

shown in Figures 7C and S11A, HGF administration significantly increased the mRNA abundance of

several ECM-degrading proteases including tissue plasminogen activator (tPA), urinary plasminogen

activator (uPA), matrix metalloproteinases (MMPs; family members 1, 8, and 10), and tissue inhibitor of

metalloproteinases-1 (TIMP-1). In addition, Western blot analyses demonstrated tPA protein was induced

in the cells and supernatant after incubation with HGF recombinant protein ex vivo (Figure 7D). This result

was confirmed by immunofluorescence staining (Figure 7E).

Since it was suggested that HGF promotes matrix-degrading protease production, we sought to further

determine whether proteases are regulated by HGF/c-met signaling in macrophages. To address this

issue, we isolated BMDMs from Lyz-met+/+ mice and Lyz-met�/� mice. RT-PCR analyses showed that

the c-met gene was deleted in Lyz-met�/� BMDMs (Figure 7F). Consistently, after treatment with HGF re-

combinant protein, the induction of phosphorylated c-met was largely abolished in Lyz-met�/� BMDMs,

compared with Lyz-met+/+ BMDM controls (Figure 7G). Meanwhile, Lyz-met�/� BMDMs exhibited

diminished mRNA levels of tPA and uPA at 3 days after incubation with HGF, compared with Lyz-

Figure 7. Continued

(E) Immunostaining showing HGF-induced tPA expression in macrophages. Cells were co-stained with 40,6-diamidino-2-phenylindole (DAPI) to visualize the

nuclei. Scale bar, 25 mm.

(F) RT-PCR analysis showed c-met gene expression in cultured c-met+/+ and c-met�/� BMDMs ex vivo.

(G) Western blot analysis demonstrating reduced c-met phosphorylation after incubation with HGF recombinant protein in c-met�/� BMDMs.

(H and I) qRT-PCR analysis of tPA and uPAmRNA in cultured c-met+/+ and c-met�/� BMDMs after incubation with HGF recombinant protein (20 ng/mL) for

1, 2, or 3 days. n = 4.

(J and K) qPCR analysis revealing higher tPA and uPA mRNA abundance in Lyz-met+/+ than Lyz-met�/� kidneys after IRI and UUO. n = 3–5.

(L–O) Western blot analyses (L, N) and quantitative data (M, O) demonstrating tPA protein abundance in Lyz-met +/+ and Lyz-met�/�mice kidneys after IRI

and UUO. Dots indicate individual animals within each group. n = 3.

(P–R) qRT-PCR analysis of tPA, and uPA mRNA in Ksp-met+/+ and Ksp-met�/� kidneys after IRI, FA, and UUO. n = 3–6.

(S) Schematic diagram of our model for fibrotic KLM formation. Data are represented as meanG SEM. Statistical significance was assessed using a two-tailed

Student’s t-test or the Rank Sum Test if data failed in normality test or one-way ANOVA, followed by the Student-Newman-Keuls test.
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met+/+ BMDM controls (Figures 7H and 7I). To validate this finding ex vivo, we further examined tPA and

uPA levels in Lyz-met+/+ and Lyz-met�/� mice kidneys after IRI and UUO, respectively. As presented in

Figures 7J and 7K, mRNA abundance of tPA and uPA were largely reduced in Lyz-met�/�mice, compared

with Lyz-met+/+ controls. Additionally, tPA protein expression was markedly repressed in the fibrotic kid-

neys of Lyz-met�/�mice, compared with Lyz-met+/+ controls (Figures 7L–7O). Of note, themRNA expres-

sion of MMPs did not change in the diseased kidneys between Lyz-met+/+ and Lyz-met�/�mice after IRI

(Figure S11B). Most importantly, the gelatin degradation assay revealed that loss of c-met in macrophages

largely inhibited the gelatinase activity both in vitro and in vivo which directly led to excessive ECM accu-

mulation (Figures S11C–S11E). In addition, in renal tubules, loss of c-met also caused reducedmRNA levels

of tPA and uPA in the fibrotic kidneys after IRI, FA injection, and UUO, compared with Ksp-met+/+ controls

(Figures 7P–7R). Collectively, our data indicate that HGF/c-met signaling leads to the release of ECM-de-

grading proteases that influence fibrotic KLM formation.

DISCUSSION

As the name implies, the fibrotic KLM refers to special structures housing multiple cellular and non-cellular

components that determine CKD progression. However, unlike the microenvironment in oncology, the

concept of the fibrotic KLM has not been well documented in the kidney disease field thus far. In this study,

by integrating data mining, mathematical model construction, and conditional knockout mouse models,

we revisited how HGF signaling affects the construction of the fibrotic KLM as a key determinant in CKD

progression. Our results suggest that (1) A fibrotic KLM is focal and segmental; (2) At the single-cell level,

c-met, the receptor of HGF, is more enriched in the loop of Henle/distal convoluted tubules and collecting

ducts in fibrotic kidneys than in macrophages; (3) Our mathematical model predicted that loss of c-met in

tubular epithelial cells caused superior quick responses to simulated injures, compared with when c-met

was ablated in macrophages; (4) Specific deletion of c-met in tubules influenced epithelial plasticity and

accelerated synthesis of ECM after various CKD, but c-met deletion in macrophages had less of an impact;

and (5) Loss of c-met in tubular cells or macrophages reduced tPA secretion resulting in impaired ECM

degradation after CKD.We hypothesize that the heterogeneities of these different kidney cell types largely

determine the features of the fibrotic KLM (Figure 7S).

Kidney cellular components are complex. They comprise at least 13 different epithelial cell types, sur-

rounded by an even more extensive array of supporting vascular, stromal, and immune cells (Humphreys,

2018; Park et al., 2018). In all progressive CKD, aberrant activation and proliferation of fibroblasts are

considered the major culprits in expanding matrix-producing cell populations that ultimately lead to renal

fibrosis (Fu et al., 2017; LeBleu et al., 2013). The formation of a fibrotic KLM is a dynamic and converging

process. For a long time, the primary focus in renal fibrosis has been how to halt excessive ECM accumu-

lation (Duffield, 2014; Liu, 2011). Recent single-cell analysis clearly suggested that myofibroblasts arise from

pericytes and fibroblasts. It revealed that the vast majority of ECM in human kidney fibrosis originates from

mesenchymal cells, whereas de-differentiated proximal tubular cells play a minor role (Kuppe et al., 2021).

However, as many major cell populations are involved in the fibrotic KLM, how to accurately weigh the

direct or indirect contributions of tubular cells and macrophages during fibrotic KLM formation remains

unclear.

A novelty of this study is that we characterized the fibrotic KLM from the perspective of tubular epithelial

cells and macrophages. Through single-cell sequencing data mining, we revealed that the major cell

populations in fibrotic kidneys are tubular epithelial cells and macrophages. Impressively, the proportion

of c-met+ tubular cells is much greater than c-met+ macrophages in fibrotic kidneys (Figure 2). Although

they are the largest cell population in the kidney, epithelial cells were previously considered victims or

bystanders of CKD pathogenesis (Qi and Yang, 2018). Their involvement in the formation of the fibrotic

KLM has been largely neglected. However, our mathematical model predicted that specifically depleting

c-met receptor in tubular epithelial cells, but not in macrophages, would cause a more rapid response to

simulated injuries (Figure 3). In fact, after kidney injury, loss of tubular c-met immediately led to increased

cell apoptosis through intrinsic and extrinsic pathways during the acute phase (Zhou et al., 2013). The self-

repair abilities of tubular cells were largely diminished due to the loss of c-met as well. This change resulted

in the adaptive repair process becomingmaladaptive along with disease progression (Ferenbach and Bon-

ventre, 2015). Consequently, chronically injured Ksp-met�/� tubular cell-driven fibroblasts accumulate

and transition to myofibroblasts by epithelial-mesenchymal communications (EMCs) rather than EMT,

which was manifested by de novo a-SMA expression and augmented production of fibrillar collagen
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(Figure 4). This EMC process was probably mediated by highly expressed Wnt and sonic hedgehog (data

not shown) after loss of tubular c-met, as well as Snail 1, Twist, and Notch protein, as reported (Bielesz et al.,

2010; Grande et al., 2015; Lovisa et al., 2015).

In the present study, we also revealed that loss of c-met in tubular epithelial cell decreased expression of

E-cadherin (Figures S6, S7, and S8) and cells were activated to express vimentin in all three well-character-

ized CKD models: IRI, UUO, and FA injection (Figure 5). Although some reports consider vimentin as a

regeneration marker for rat and human tubular cells (Kriz et al., 2011), it is indeed required for the plasticity

of mesenchymal cells under normal physiological conditions and the migration of cancer cells undergoing

EMT (Lu and Kang, 2019). Therefore, our data suggest that vimentin+ epithelial cells possess mesenchymal

characteristics after CKD. Earlier studies suggested that injured tubular cells can transdifferentiate and

convert to myofibroblasts via EMT. However, this controversial topic of EMT and the origin of myofibro-

blasts has long been debated (Kriz et al., 2011; Liu, 2010). Considering HGF is a potent effector of cell

growth, movement, and differentiation, a tubular-specific loss of c-met mouse model would be an ideal

tool to provide further evidence to clarify this issue. Unfortunately, in the current study, few epithelial cells

could be observed crossing the tubular basement membrane even when using a 3D reconstruction tech-

nique in fibrotic kidneys of Ksp-met�/� mice or other genetic tools (Figure 5), as well as in human kidney

biopsy specimens (Figure S7). Therefore, instead of complete EMT, the term ‘‘epithelial plasticity’’ or ‘‘par-

tial EMT’’ is appropriate to describe this epithelial phenotypic change in the current study (Zhu et al., 2020).

Epithelial plasticity refers to that, in a fibrotic kidney, a number of tubular cells possess the features of

mesenchymal cells while others may transit back to the epithelial phenotype or remain in a dedifferentiated

state (Huang and Susztak, 2016). Consistently, vimentin was expressed in epithelial cells in Ksp-met�/�
mice fibrotic kidneys in all applied CKD models in this study, but not Ksp-met+/+ mice. The distributions

of vimentin+ epithelial cells, especially, were completely heterogeneous in the fibrotic kidneys (Figure 5).

Vimentin upregulation could increase epithelial cell stiffness, raise cell motility and migration, and increase

epithelial plasticity due to E-cadherin loss and b1-integrin activation (Liu et al., 2015). We hypothesize that

loss of c-met in tubular cells could be considered a second hit in epithelial cell phenotypic transition after

CKD. On one hand, loss of c-met resulted in epithelial cells that lost their polarity while repairing them-

selves. On the other hand, injured tubular cells started becoming mesenchymal, which would make

them an accomplice in ECM production during fibrotic KLM formation. Meanwhile, injured renal tubular

epithelial cells become arrested at G2/M and adopt a profibrotic phenotype, which affects other epithelial

cells and other neighboring cells, and accelerates renal fibrosis (Yang et al., 2010). Therefore, we conclude

that tubular epithelial cells are active members of the fibrotic KLM after CKD.

Although c-met-deficient macrophages consistently caused accelerated kidney fibrosis, they had surprisingly

little effect on ECM synthesis compared with tubular epithelial cells (Figure 6). Our mathematical model indi-

cated a delayed response to simulated injury if c-met was deleted in macrophages (Figure 3). This may be

because macrophage infiltration into the diseased kidney is not an early event. Based on the single-cell RNA-

seq data, c-met+ macrophages were not a major population of the infiltrated cell pool in fibrotic kidneys (Fig-

ure 2). This may explain why macrophage-specific deletion of c-met did not induce fibrosis-related mRNA

changes in multiple CKD models, compared with their littermate controls. Conversely, loss of c-met in macro-

phages or tubular epithelial cells consistently reduced the capacity to secrete tPA and uPA proteases (Figure 7).

As a serine protease, tPA is a well-known plasminogen activator in the circulatory system that contains Kringle

domains, similar to those in HGF. It plays a critical role in modulating the post-translational activation of HGF, as

well as TGF-b (Hu et al., 2008). Together with its cousin serine protease uPA, they cleave plasminogen into

plasmin during fibrinolysis. Plasmin is an important active enzyme that degrades insoluble fibrin fibers into small

fragments which can be processed and removed by other proteases and the kidneys (Chapin and Hajjar, 2015).

Meanwhile, tPA can also regulate the degradation of ECM throughMMPs, which could be activated by plasmin

(White et al., 2020). Decreased tPA level caused accumulation of fibrotic ECM and facilitated epithelial plasticity.

In a fibrotic kidney, ECM is the backbone of the architectural changes of the local microenvironment. In this

study, c-met-deficient macrophages caused the imbalance of ECM construction and destruction and directly

accelerated fibrotic KLM formation (Figures 6 and 7, and S11). It should be emphasized that the majority of

ECM components themselves can functionally serve as a ‘‘biologic glue’’ in establishing the fibrotic KLM by

recruiting cellular components and sequestering secreted factors such as MCP-1, RANTES, TNF-a, and so on.

Meanwhile, it allows the injured cells to rest on the fibrotic ECM, which drives the formation of the fibrotic

KLM. As we already mentioned, kidney injury is heterogeneous. Based on our data, we hypothesize that the
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density and sizes of the fibrotic KLM sites vary even in patients with similar severity of CKD, which may explain

why patients have completely distinct courses while entering end-stage renal diseases.

In summary, by applying a multidisciplinary approach, we herein highlighted a reemerging concept – the

fibrotic KLM in progressive CKD. We illustrated that HGF/c-met signaling in different cell types possesses

distinct capacities to build the fibrotic KLM. Advances in our understanding of KLM open possibilities

to decode the networks within KLM and to design effective therapeutic strategies to retard CKD in the

clinic.

Limitations of the study

In this study, we elucidated the roles of epithelial cell- and macrophage-derived HGF/c-met signaling

pathways during fibrotic KLM formation in parallel. The lateral connections between epithelial cells and

macrophages have not been deeply explored. Therefore, more investigations into the communication

among the various components are necessary to reveal the complexity of the fibrotic KLM. In addition,

one technical weakness of this study is that, to minimize animal numbers in a single study, we did not

includes sham controls for FA or IRI groups in both tubular- or macrophage-c-met conditional knockout

mice, although it did not influence our final conclusions.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-a-SMA Abcam Cat# ab5694; RRID:AB_2223021

anti-CD68 Abcam Cat# ab213363; RRID:AB_2801637

anti-CD14 Abcam Cat# ab133335; RRID:AB_2889158

anti-TNC Abcam Cat# ab6346; RRID:AB_305439

anti-F4/80 Bio-Rad Cat# MCA497GA; RRID:AB_323806

anti-E-cadherin BD Biosciences Cat# 610181; RRID:AB_397580

anti-E-cadherin Cell Signaling Technology Cat# 3195; RRID:AB_2291471

anti-Vimentin Cell Signaling Technology Cat# 5741; RRID:AB_10695459

anti-p-c-met Cell Signaling Technology Cat# 3126; RRID:AB_331713

anti-GAPDH Cell Signaling Technology Cat# 5174; RRID:AB_10622025

anti-RANTES Fitzgerald Industries International Cat# 10R-R121A; RRID:AB_10809986

anti-tPA Oxford Biomedical Research Cat# PT34; RRID:AB_10818863

anti-uPA Proteintech Cat# 17968-1-AP; RRID:AB_2165202

anti-AQP1 Proteintech Cat# 20333-1-AP; RRID:AB_10666159

anti-met Santa Cruz Biotechnology Cat# sc-8057; RRID:AB_673755

anti-AQP3 Sigma Aldrich SAB5200111

anti-NCC Sigma Aldrich Cat# AB3553; RRID:AB_571116

anti-Fibronectin Sigma Aldrich Cat# F3648; RRID:AB_476976

anti-a-SMA Sigma Aldrich Cat# A2547; RRID:AB_476701

anti-Laminin Sigma Aldrich Cat# L8271; RRID:AB_477162

anti-a-Tubulin Sigma Aldrich Cat# T9026; RRID:AB_477593

anti-Collagen Type III Sigma Aldrich-Millipore Cat# AB747; RRID:AB_11211895

anti-Actin Sigma Aldrich-Millipore Cat# MAB1501; RRID:AB_2223041

anti-CD11b (eBioscienceTM) ThermoFisher Scientific Cat# 14-0112-82; RRID:AB_467108

anti-F4/80 (eBioscienceTM) ThermoFisher Scientific Cat# 14-4801-82; RRID:AB_467558

anti-MCP-1 ThermoFisher Scientific Cat# PA5-34505; RRID:AB_2551857

Cy3-AffiniPure Donkey Anti-Mouse IgG Jackson ImmunoResearch Cat# 715-165-150; RRID:AB_2340813

Cy3-AffiniPure Donkey Anti-Rabbit IgG Jackson ImmunoResearch Cat# 711-165-152; RRID:AB_2307443

Alexa Fluor� 488-AffiniPure Donkey Anti-

Rabbit IgG

Jackson ImmunoResearch Cat# 711-545-152; RRID:AB_2313584

Biotin-SP-AffiniPure Donkey Anti-Mouse IgG Jackson ImmunoResearch Cat# 715-065-150; RRID:AB_2307438

Biotin-SP-AffiniPure Donkey Anti-Rabbit IgG Jackson ImmunoResearch Cat# 711-065-152; RRID:AB_2340593

Biotin-SP-AffiniPure Donkey Anti-Rat IgG Jackson ImmunoResearch Cat# 712-065-153; RRID:AB_2315779

anti-Collagen I Cell Signaling Technology Cat#72026

Critical commercial assays

Gelatin Degradation Assay Kit Abcam ab234057

QuantiChrom Creatinine Assay Kit BioAssay Systems DICT-500

Sirius Red/Fast Green Collagen Staining Kit Chondrex, Inc. #9046

Trichrome Stain Kit Sigma Aldrich HT15-1KT

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for data should be directed to and will be fulfilled by the lead contact,

Dong Zhou (dzhou@uchc.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Data: All data produced or analyzed for this study are included in the published article and its supplemen-

tary files or are available from the corresponding author upon reasonable request.

Code: The script for quantification of the immunohistochemical staining images can be found in Material

S1. R/Bioconductor package (Seurat 4.0.4) for public data mining was obtained from the Satija lab.

Other items: All the equations and parameters of the mathematical models can be found in the Method

Details.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Tubular- or macrophages- c-met conditional knockout mice were generated by mating c-met floxed mice

(FVB;129P2-Mettm1Sst/J, provided by Dr. Snorri S. Thorgeirsson) with the transgenic mice that expressed

Cre recombinase under the control of kidney-specific-cadherin (Ksp) promoter (B6.Cg-Tg(Cdh16-cre)

91Igr/J, provided by Dr. Peter Igarashi) or myeloid-specific promoter (B6.129P2-Lyz2tm1(cre)Ifo/J, pro-

vided by Dr. WendyM. Mars), respectively. Ai9 mice (B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J) ex-

pressing robust tdTomato fluorescence were purchased from the Jackson Laboratory (Stock No. 007909).

Tubular tdTomato�/� mice were generated by mating Ai9 mice with Ksp-Cadherin promoter-driven Cre

mice. 8-10 weeks old male and female mice were used for CKD animal models construction. All procedures

were performed in accordance with the National Institutes of Health Guide for Laboratory Animals and

were approved by the Institutional Animal Care and Use Committee at the University of Pittsburgh, School

of Medicine (Protocol number: 16048123), and the University of Connecticut, School of Medicine (Protocol

number: AP-200105-0923).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: organisms/strains

C-met floxedmouse (FVB;129P2-Mettm1Sst/J) National Cancer Institute Provided by Dr. Snorri S. Thorgeirsson

Ksp-Cre mouse (B6.Cg-Tg(Cdh16-cre)91Igr/J) University of Minnesota Medical School Provided by Dr. Peter Igarashi

Lyz2-Cre (B6.129P2-Lyz2tm1(cre)Ifo/J) University of Pittsburgh School of Medicine Provided by Dr. Wendy M. Mars

Ai9 mice (B6.Cg-Gt(ROSA)26Sortm9

(CAG-tdTomato)Hze/J)

The Jackson Laboratory Stock No. 007909

Oligonucleotides

Primers, see Table S2 This paper N/A

Software and algorithms

The R-project for Statistical Computing R Foundation (version 4.0.3) https://www.r-project.org/

R/Bioconductor package Seurat 4.0.4 https://satijalab.org/seurat/

The script for quantification of the

immunohistochemical staining images

This paper (Material S1) N/A

Matlab (R2017a) MathWorks https://www.mathworks.com/

OSCILL8 Oscill8 http://oscill8.sourceforge.net/

Prism9 GraphPad Software http://www.graphpad.com/

Image Pro plus 6.0 Media Cybernetics https://www.mediacy.com/

FlowJo Tree Star Inc. http://www.treestar.com/
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METHOD DETAILS

Public data mining

Two published studies were explored in this study (Conway et al., 2020; Wu et al., 2020). RNA-seq transcrip-

tome profile GSE125015 was downloaded from GEO database and the gene fragments per kilobase of

transcript per million mapped reads (FPKM) values were log2 scaled and normalized. Study GSE140023

was accessed via GEO database and the single-cell data were processed by R package Seurat (Hao

et al., 2021; Stuart et al., 2019). Based on the gene-by-cell expression matrix, dimension reduction was per-

formed by UniformManifold Approximation and Projection (UMAP) algorithm (McInnes et al., 2018). All the

cells were eventually visualized in 2D scale, where UMAP_1 represents the first reduced dimension and

UMAP_2 stands for the second dimension. Each dot in the UMAP figure indicates one cell and the cells

were colored by library or by marker expression level.

Mathematical model construction

Webuilt a mathematical model to explore the cell-cell communications between the tubular epithelial cells

and macrophages during the formation of the fibrotic KLM. Following our previous work (Tian et al., 2020),

we considered three groups in the tubular module, including normal tubular epithelial cells (E), injured

tubular cells (I), and tubular cells undergoing phenotypic changes (P). In this module, some tubular cells

will be injured due to the external stimulus. These injured tubular cells can be repaired to normal condition

or die. Some of the tubular cells could be triggered into a phenotypic transition, which will secrete various

cytokines, and promote ECMproduction and the formation of the fibrotic microenvironment (Grande et al.,

2015). Meanwhile, injured tubular cells promote macrophage activation (Anders and Ryu, 2011). The acti-

vated macrophages promote the degradation of the ECM by secreting matrix metalloproteinases (MMPs)

(Lu et al., 2013). The formed microenvironment in turn promotes the tubular epithelial cells to possess

mesenchymal characteristics and macrophage activation. In this work, we focus on the roles of tubular

epithelial cells and macrophages and the HGF/c-met signaling pathway in KLM formation. In the model,

the HGF/c-met signaling in tubular epithelial cells inhibits the phenotypic transition of tubular epithelial

cells and excessive ECM synthesis. In comparison, macrophage HGF/c-met signaling promotes the degra-

dation of ECM. By considering all of these interactions and regulations, we developed the following

coarse-grained ordinary differential equations (ODE) model:

dI

dt
= krepair$I$P � kd$I

dE

dt
= krepair$I$P �

 
kep1 $

M2

M2 + J2ep1
$E + kep2 $

ECMn1

ECMn + Jn1ep2
$E

!
$

1

HGFP + 1
+ kpe$P + kreg$E �O

dP

dt
=

 
kep1 $

M2

M2 + J2ep1
$E + kep2 $

ECMn1

ECMn1 + Jn1ep2
$E

!
$

1

HGFP + 1
� kpe$P

dECM

dt
= kECM$P � ECM$

 
dECM0 + dECM1 $

M2

M2 + J2ECM
$HGFM

!

dM

dt
= km0 + km1$

I2

In1 + Jn1m1

+ km2$
ECMn2

ECMn2 + Jn2m2

� kdM$M

where I; E; P; ECM; M are the relative levels of the injured tubular cells, normal tubular cells, the tubular

cells in the partial epithelial to mesenchymal transition (EMT) state, ECM, andmacrophage.O = 100� E�
P� I. While we did not find quantitative data to faithfully estimate the parameter values, we found that the

model outcome is largely insensitive to the exact forms of the equation’s terms and parameter values with

systematic numerical tests. The model needs some degree of nonlinearity in some of the equation terms

(Hill-type production functions), which is valid in most of the biological regulations, especially the cell

transition as partial epithelial to mesenchymal transition and macrophage activation here. Here, for

simplicity, we used all the Hill coefficients as 2 to allow sufficient overall nonlinearity. However, the

conclusion does not depend on the exact values of the parameters as demonstrated by the parameter

sensitivity analysis (Figure S2). The parameter values, unless otherwise mentioned, are HGFP = 2;

HGFM = 2; krepair = :1; kd = 0:1; kreg = 0:01; kep1 = 2; Jep1 = 5; kep2 = 0:5; Jep2 = 10; n1= 2; kpe = 1; km0 = 0:01;

km1 = 0:4; Jm1 = 2; km2 = 2; Jm2 = 1; kdM = 1; n2= 2; kECM = :88; dECM0 = 1; JECM = 1; dECM1 = 0:5: The levels of

HGF in the tubular epithelial cells and macrophages were controlled by parameters HGFP and HGFM for

simulating the knockdown experiments. For the parameter sensitivity analysis, each parameter was

increased or decreased by 15% to study the dependence of the fibrosis thresholds in the WT, E-HGF
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c-met�/�, andM-HGF c-met�/� on the parameter variation. Numerical bifurcation analysis was performedwith

OSCILL8 (http://oscill8.sourceforge.net/), while the time-course simulation was performed with MATLAB

(R2017a) function ode23s. Repair time score was defined as the summation of the time for the system to repair

and regenerate until the damage (I) below 0.1 unit for a series of injuries from 1 to 30 units. The fibrosis score was

defined as the summation of the maximum level of ECM during the regeneration process for a series of injuries

from 1 to 30 units.

Human kidney tissue sections

Human kidney biopsy specimen sections and non-tumor kidney tissue sections were obtained from the

pathology archive at the University of Pittsburgh Medical Center. Non-tumor kidney tissue samples from

the patients who had renal cell carcinoma and underwent nephrectomy were used as normal controls.

All patients included in the presented study have signed the informed consent forms before they under-

went kidney biopsy or nephrectomy. All procedures performed in the present study involving human

kidney sections were following ethical standards and approved by the Institutional Review Board at the

University of Pittsburgh, School of Medicine.

Automated analysis of fibrotic area in human kidney tissue

Ten random fields were selected in the cortical area for each kidney section in the MTS and Sirius red

stained slides. The percentage of the interstitial fibrotic area was analyzed with a custom script in Image

Pro plus 6.0 (Material 1). An average percentage of the kidney fibrotic area for each section was calculated.

In this study, the blue channel was chosen because it had the best separation, as we previously described

(Zhou et al., 2018). In brief, by using the ‘‘Threshold’’ tool, the threshold was set for (0, 80) to get the (red)

areas where each marker was expressed at a high level. The threshold values were chosen manually until

each stained marker was highlighted in red but the same thresholds were used for all images for each

marker. The script in Supplemental Material S1 was used for the automated analysis of the immunohisto-

chemistry staining images.

Mice and genotyping

C-met floxed mice (FVB;129P2-Mettm1Sst/J) were created by homologous recombination using a c-met

gene fragment with loxP sites flanking exon 16, as described previously (Zhou et al., 2013), and were kindly

provided by Dr. Snorri S. Thorgeirsson (National Cancer Institute, NIH, Bethesda, MD, USA). Transgenic

mice that expressed Cre recombinase under the control of kidney-specific-cadherin promoter (B6.Cg-

Tg(Cdh16-cre)91Igr/J) were generated as reported elsewhere (Shao et al., 2002). Transgenic mice that

expressed Cre recombinase under the control of myeloid-specific promoter (B6.129P2-Lyz2tm1(cre)Ifo/J)

were kindly provided by Dr. Wendy M. Mars (University of Pittsburgh, Pittsburgh, PA, USA). Conditional

knockout mice Ksp-met�/� and Lyz-met�/� were generated by mating c-met floxed mice with Ksp-Cre

transgenic mice and Lyz-Cre transgenic mice, respectively. The same gender littermates with Ksp-

met+/+ and Lyz-met+/+ were considered as littermate controls, respectively. A routine PCR protocol

was used for genotyping of tail DNA samples with the following primer pairs: Cre transgene, sense: 5’-

AGGTGTAGAGAAGGCACTTAGC-3’; antisense: 5’-CTAATCGCCATCTTCCAGCAGG-3’, which gener-

ated a 411 bp fragment; and c-met genotyping, 5’-TTAGGCAATGAGGTGTCCCAC-3’ and 5’-CCA

GGTGGCTTCAAATTCTAA-3’, which yielded a 380 bp fragment for the floxed alleles. In a separate study,

Ai9 mice (B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J) expressing robust tdTomato fluorescence were

purchased from the Jackson Laboratory (#007909, Bar Harbor, Maine). Conditional knockout Ksp-

tdTomato�/�mice were generated by mating Ai9 mice with Ksp-Cre tool mice. All animals were born nor-

mally at the expected Mendelian frequencies. At baseline, they were normal in size and did not display any

gross physical or behavioral abnormalities. Animal experiments were approved by the Institutional Animal

Care and Use Committee at the University of Pittsburgh, School of Medicine (Protocol number: 16048123),

and the University of Connecticut, School of Medicine (Protocol number: AP-200105-0923).

Mouse models of CKD

CKD in mice was induced by three methods: folic acid (FA) injection, unilateral ureteral obstruction (UUO),

and ischemic reperfusion injury (IRI). The FA model involved a single intraperitoneal injection of folic acid

(Sigma, St. Louis, MO) dissolved in 150 mM sodium bicarbonate (vehicle) at 250 mg/kg body weight,

sacrifice 60 days after injection, and kidney sample collection for analyses. UUO and IRI mice models

were established using routine methods as previously described (Fu et al., 2017; Zhou et al., 2017).
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Collagen/non-collagen assay

Paraffin-embedded mouse kidney sections (20 mm thickness) were prepared by a routine procedure (Zhou

et al., 2017). The collagenous/non-collagenous protein ratio was measured using the Sirius red/fast green

collagen staining kit, according to the protocols specified by the manufacturer (#9046, Chondrex, WA,

USA). TheOD values of the extracted dyes at 540 nm and 605 nmwavelength were used to calculate fibrotic

kidneys’ collagenous and non-collagenous protein content (and ratio).

Gelatin degradation assay

According to the manufacturer’s protocol, the gelatinase activity was measured using a Gelatin

Degradation Assay Kit (ab234057, Abcam Inc., Cambridge, MA, USA). In brief, 5-10 mg of frozen kidney tis-

sue or 1-2 x106 cells were homogenized with lysis buffer and centrifuged to get supernatant. The amount of

protein in the lysate was measured using the BCA protein assay kit (K813-500, BioVision Inc, San Francisco,

CA, USA). 50 mL of lysate was added into desired wells in a white 96-well plate with 50 mL Gelatinase

substrate mix per well. Wells were mixed and fluorescence was measured at Ex/Em 490/520 nm in kinetic

mode at 37�C for 1 hour. FITC standard and positive control were included. The relative fluorescence unit

(RFU)/min of each sample was used to calculate the gelatinase activity.

Determination of serum creatinine

Serum was collected from mice 60 days after FA injection or 10 days after IRI. Serum creatinine level was

determined using a QuantiChrom creatinine assay kit, according to the protocols specified by the

manufacturer (BioAssay Systems, USA). The level of serum creatinine was expressed as milligrams per

100 mL (dL).

Histology and immunohistochemical staining

Paraffin-embedded human kidney biopsy sections (2.5-mm thickness) and mouse kidney sections (3 mm

thickness) were prepared by a routine procedure. The sections were stained with Masson’s trichrome re-

agent and Sirius red (separately) by standard protocol (Zhou et al., 2017). Immunohistochemical staining

was performed according to the established protocol as described previously. (Zhou et al., 2017)

Antibodies used were: anti-a-SMA (ab5694), anti-CD68 (ab213363), anti-CD14 (ab133335, Abcam Inc.,

Cambridge, MA), anti-collagen I (#72026), anti-vimentin (#5741; Cell Signaling Technology, Danvers,

MA), anti-RANTES (10R-R121A; Fitzgerald Industries International, Concord, MA), anti-MCP-1 (PA5-

34505; ThermoFisher Scientific, Waltham, MA), and anti-F4/80 (MCA497GA, Bio-Rad, Hercules, CA). After

incubation with primary antibodies at 4�C overnight, the slides were then stained with HRP-conjugated sec-

ondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA). Non-immune normal IgG was

used to replace primary antibodies as a negative control, and no staining was visible. Slides were viewed

under a Nikon Eclipse E600 microscope equipped with a digital camera (Melville, NY).

Immunofluorescence staining and confocal microscopy

Kidney cryosections were fixed with 3.7% paraformaldehyde for 15 min at room temperature. HKC-8 cells

cultured on coverslips were fixed with cold methanol: acetone (1:1) for 10 min at -20�C. After blocking with

10% donkey serum for 1 hour, the slides were immunostained with primary antibodies against E-cadherin

(# 3195), vimentin (#5741) (Cell Signaling Technology, Danvers, MA), E-cadherin (BD610181, BD

Biosciences, Franklin Lakes, NJ), AQP1 (20333-1-AP, Proteintech, Rosemont, IL), c-met (sc-8057, Santa

Cruz Biotechnology, Dallas, TX), AQP3 (SAB5200111), NCC (AB3553), fibronectin (F3648), laminin (L8271,

Sigma Aldrich, St. Louis, MO), tPA (PT34, Oxford Biomedical Research, Rochester Hills, MI), TNC

(ab6346, Abcam Inc., Cambridge, MA), and collagen type III (AB747; EMDMillipore, Burlington, MA). These

slides were then stained with Alexa Fluor� 488 - or Cy3-conjugated secondary antibody (Jackson Immu-

noResearch Laboratories, West Grove, PA). Slides were viewed under a Nikon Eclipse E600 microscope

equipped with a digital camera or a Leica TCS-SL confocal microscope.

Kidney macrophage suspensions and flow cytometry assay

At sacrifice 10 days after IRI, kidneys were harvested from Lyz-met+/+ and Lyz-met�/� mice following

perfusion with PBS. Kidneys were cut into small pieces and digested at 37�C in 1 mg/ml collagenase IV

(Worthington) in complete RPMI for 30 minutes. Cells were filtered through 70 mm cell strainers and

washed twice in PBS. The single-cell suspensions were slowly layered over 5 mL of Lymphocyte (Cedarlane).

The tubes were spun for 1,300xg for 30 minutes at room temperature. The cell layer at the interface of the
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media and Lymphocyte was collected and washed twice with PBS and used for FACS staining. To identify

the macrophage population, cells were stained with fluorescent-conjugated antibodies CD11b (M1/70,

#14-0112-82) and F4/80 (BM8, #14-4801-82, eBioscienceTM, ThermoFisher Scientific, Waltham, MA).

Data were acquired on a BD LSRFortessa cytometer (BD Biosciences) and analyzed with FlowJo

(Tree Star Inc.), as described previously (Ramani et al., 2018).

Isolation and culture of bone marrow-derived macrophages (BMDMs)

BMDMs were prepared as previously described (Na et al., 2016). In brief, bone marrow cells were isolated

from femurs of C57BL/6J mice and cultured in RPMI 1640 medium, supplemented with 10% heat-inacti-

vated FBS, 2 mM GlutaMax-1, 100 U/mL penicillin, 100 mg/mL streptomycin, and 25 ng/mL recombinant

murine GM-CSF (#415-ML-010, R&D Systems, Minneapolis, MN) for 8-10 days with replacement of the

medium every 2 days. Approximately 99% of the cells were F4/80+/CD11b+ when analyzed by flow

cytometry. At day 8, BMDMs were treated with recombinant human HGF protein for another 1-3 days,

and cells and supernatant were collected and subjected to analyses.

Western blot analysis

Kidney tissues were lysed with radioimmune precipitation assay (RIPA) buffer containing 1% NP-40, 0.1% SDS,

100 mg/mL PMSF, 1% protease inhibitor cocktail, and 1% phosphatase I and II inhibitor cocktail (Sigma) in

PBS on ice. The supernatants were collected after centrifugation at 13,0003g at 4�C for 15 min. Protein expres-

sion was analyzed by western blot analysis as described previously. (Zhou et al., 2017) The primary antibodies

used were: anti-vimentin (#5741), E-cadherin (#3195), anti-p-c-met (#3126), anti-GAPDH (#5174; Cell Signaling

Technology; Danvers, MA), anti-TNC (ab6346; Abcam Inc., Cambridge, MA), anti-tPA (PT34; Oxford Biomedical

Research, MI, USA), anti-uPA (17968-1-AP; Proteintech Group, Inc, IL, USA), anti-fibronectin (F3648), anti-a-SMA

(A2547), anti-a-tubulin (T9026; Sigma Aldrich, St. Louis, MO), and anti-Actin (MAB1501; EMD Millipore,

Burlington, MA).

Quantitative real-time reverse transcription PCR (qRT-PCR)

Total RNA isolation and qRT-PCR were carried out by procedures described previously (Fu et al., 2017).

Briefly, the first-strand cDNA synthesis was carried out using a reverse transcription system kit according

to the instructions of the manufacturer (Promega). qRT-PCR was performed on an ABI PRISM 7000

sequence detection system (Applied Biosystems, Foster City, CA). The mRNA levels of various genes

were calculated after normalizing with b-actin. Primer sequences used for amplification are presented in

Table S2.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were expressed as meanG SEM if not specified otherwise in the legends. Statistical analysis of the

data was performed using GraphPad Prism 9. Comparison between two groups was made using a two-

tailed Student’s t-test or the Rank Sum Test if data failed in normality test. Statistical significance for

multiple groups was assessed by one-way or two-way ANOVA, followed by the Student-Newman-Keuls

test. Results are presented in dot plots, with dots denoting individual values. Exact p values are presented

for all dot plots. p < 0.05 was considered statistically significant.
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