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Leukemia inhibitory factor is a therapeutic target for renal
interstitial fibrosis
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Guangdong Provincial Institute of Nephrology, Guangdong Provincial Key Laboratory of Renal Failure Research, Nanfang Hospital,
Southern Medical University, Guangzhou, China

Summary

Background The role of the IL6 family members in organ fibrosis, including renal interstitial fibrosis (TIF), has been
widely explored. However, few studies have ever simultaneously examined them in the same cohort of patients.
Besides, the role of leukemia inhibitory factor (LIF) in TIF remains unclear.

Methods RNA-seq data of kidney biopsies from chronic kidney disease (CKD) patients, in both public databases and our
assays, were used to analyze transcript levels of IL6 family members. Two TIF mouse models, the unilateral ureteral
obstruction (UUO) and the ischemia reperfusion injury (IRI), were employed to validate the finding. To assess the role
of LIF in vivo, short hairpin RNA, lenti-GFP-LIF was used to knockdown LIF receptor (LIFR), overexpress LIF,
respectively. LIF-neutralizing antibody was used in therapeutic studies. Whether urinary LIF could be used as a
promising predictor for CKD progression was investigated in a prospective observation patient cohort.

Findings Among IL6 family members, LIF is the most upregulated one in both human and mouse renal fibrotic
lesions. The mRNA level of LIF negatively correlated with eGFR with the strongest correlation and the smallest
P value. Baseline urinary concentrations of LIF in CKD patients predict the risk of CKD progression to end-stage
kidney disease by Kaplan-Meier analysis. In mouse TIF models, knockdown of LIFR alleviated TIF; conversely,
overexpressing LIF exacerbated TIF. Most encouragingly, visible efficacy against TIF was observed by
administering LIF-neutralizing antibodies to mice. Mechanistically, LIF-LIFR-EGR1 axis and Sonic Hedgehog
signaling formed a vicious cycle between fibroblasts and proximal tubular cells to augment LIF expression and
promote the pro-fibrotic response via ERK and STAT3 activation.

Interpretation This study discovered that LIF is a noninvasive biomarker for the progression of CKD and a potential
therapeutic target of TIF.

Fundings Stated in the Acknowledgements section of the manuscript.

Copyright © 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Chronic kidney disease (CKD) is a worldwide public
health problem associated with high morbidity and
mortality as well as high health care costs."” Clinically,
there are few available strategies to manage CKD other
than dialysis or kidney transplantation. Renal tubule
interstitial fibrosis (TIF) is the terminal manifestation

and common pathway by which CKD progresses to end
stage, which is characterized by expansion of the space
between tubular basement membrane and peritubular
capillaries through deposition of extracellular matrix
(ECM).** Activated fibroblasts have been recognized as
the major contributor of ECM during the process of
TIF.’ In addition, activated fibroblasts produce soluble
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Research in context

Evidence before this study

Renal tubule interstitial fibrosis (TIF) is the terminal
manifestation and common pathway by which CKD progresses
to end stage. The role of IL6 family members in the
pathogenesis of organ fibrosis including TIF has been studied
extensively. Different members of the IL6 family are highly
expressed in different cells in diverse organs and play various
roles in fibrosis. Therefore, the role of each member in each
organ needs to be explored. However, few study has ever
evaluated the expression of all IL6 family member
simultaneously in the same model of TIF. LIF is a member of the
IL6 family. Heart-specific overexpression of LIF caused cardiac
hypertrophy. Transgenic mice expressing LIF from the insulin
promoter displayed considerable interstitial fibrosis throughout
the pancreas. In TIF, one research found adding extrinsic LIF
protein could alleviate fibrosis while another founded it makes
no difference. Hence the role of LIF in TIF remains unclear.

Added value of this study

We initiated to compare the expression level of IL6 family
members in the same animal models of TIF and the same
cohort of CKD patients. Using RT-PCR, we identified LIF as the
most upregulated IL6 family member in the fibrotic renal
lesions induced by UUO and IRl in mice. This finding was
confirmed by analyzing published RNA-seq (GSE98622,
GSE118339) and MS data (GSE126182). To evaluate the
expression of IL6 family members in human TIF, we
conducted RNA-seq analysis of renal biopsies from a cohort of
CKD patients. We found that LIF is the most upregulated one
in human renal fibrotic lesions. Importantly, the mRNA level
of LIF negatively correlated with eGFR with the strongest
correlation and the smallest P value among IL6 family

ligands which have paracrine effects on tubular
epithelial cells (TECs) to interfere with the adaptive
repair of damaged TECs.”” On the other hand, mal-
adaptive repaired TECs release various soluble ligands
to promote fibroblasts proliferation and activation.®"
Hence, disrupting the vicious cycle between TECs
and fibroblasts is a potential approach to impede the
progression of TIF.

Among cytokine families, the IL6 cytokines family,
which comprises IL6, IL11, IL27, IL31, oncostatin
M (OSM), LIF, ciliary neurotrophic factor (CNTF), car-
diotrophin 1 (CTF1) and cardiotrophin-like cytokine
factor 1 (CLCF1), displays the highest degree of func-
tional pleiotropy in many physiological and pathological
processes, and often act as diagnostic or prognostic in-
dicators of disease activity.'"'> However, the role of IL6
family members in the pathogenesis of CKD needs
further investigation. For example, IL6 elicits defined
impact on inflammation, and has been implicated in the
pathogenesis of various chronic inflammatory diseases

members. In patients with biopsy-confirmed IgA
nephropathy, only LIF mRNA expression significantly
correlated with the severity of TIF shown as the Oxford
MEST-T grade. The expression of IL6 family members and
their associations with TIF/eGFR were confirmed by the ERCB
Nephrotic Syndrome Data set of Nephroseq V5 transcriptomic
database. The baseline LIF concentration in the urine of CKD
patients significantly correlated with the increased risk of
progression to end-stage kidney disease. Via analyzing
published single nucleus RNA sequencing (snRNA-seq)
dataset of fibrotic kidney from mice 14 days after UUO
(GSE119531) and a published Smart-Seq dataset of PDGFRB"
cells from mice 10 days after UUO (https://zenodo.org/record/
4059315, https://doi.org/10.5281/zenodo.4059315), we
found that LIF was mainly expressed in activated fibroblast,
proliferating proximal tubule epithelial cells and collecting
duct-principal cells. While, LIFR was ubiquitously expressed in
variety of cells. Mechanistically, LIF-LIFR-EGR1 axis and Sonic
Hedgehog signaling formed a vicious cycle between
fibroblasts and proximal tubular cells to augment LIF
expression and promote the pro-fibrotic response via ERK and
STAT3 activation. LIF promoted macrophage infiltration and
the phenotype transition toward pro-fibrotic phenotype. In
mice models of TIF, knockdown of LIFR with short hairpin
RNA alleviated TIF, while ectopic expression of LIF triggered
TIF. In therapeutic studies, a LIF-neutralizing antibody
attenuated TIF.

Implications of all the available evidence

This study indicated that LIF is a noninvasive biomarker for
assessing the state of kidney fibrogenesis and a potential
therapeutic target of TIF.

including rheumatoid arthritis (RA),” Castleman’s
disease' and osteoporosis.”” Given the mechanistic
rationale for the role of IL6 in inflammation,’*'® it has
been proposed that IL6 might contribute to organ
fibrosis. However, the effect of genetic depletion of IL6
on different experimental models of renal fibrosis were
inconsistent.””* On the other hand, most recent studies
highlight the pro-fibrotic function of IL11 in the process
of cardio-renal and pulmonary fibrosis.*** IL27, which
is mainly produced by antigen-presenting cells, has
been shown to have pro and anti-inflammatory effect.?***
1127 receptor o (IL27Rx) deficiency resulted in
increased renal injury and collagen deposition associ-
ated with increased interstitial inflammation after
UUO.” LIF has been reported to have paradoxically
opposite effects depending on cell type and develop-
mental stage.”* In the case of CKD, the upregulation of
renal LIF has been observed, while its role in the path-
ogenesis of TIF remains unclear.” Collectively, these
findings indicate that the precise function of individual
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IL6 family member in the pathogenesis of TIF needs to
be dissected carefully. In addition, although the upre-
gulation of various IL6 family member has been re-
ported in various animal models of CKD or human
CKD,*##=° all the studies have been conducted
separately for each member. Whether any of IL6 family
member could serve as a biomarker of CKD remains
unclear.

In the current study, we systemically evaluated the
expression of all IL6 family members in renal biopsy
specimens of a cohort of patients with CKD and
preclinical mouse models of TIF. Surprisingly, we
found that, among IL6 family members, LIF was the
most upregulated one in fibrotic renal lesions. LIF has
the strongest association with the extent of TIF and the
decline of renal function. We dissected the pro-fibrotic
role of LIF in vitro and in vivo. Furthermore, we
explored the therapeutic potential of LIF-neutralizing
antibody in treating TIF. Finally, using bio-samples
from a prospective cohort of patients with CKD, we
demonstrated the potential role of urinary LIF as a
promising biomarker for CKD progression.

Methods

Ethics statement

The study was approved by the Institutional Review
Board of the National Clinical Research Center for
Kidney Disease (Guangzhou, China) (NO. NFEC-2019-
209 and NFEC-2019-094). All of the study participants
provided written informed consent. All animal experi-
ments complied with the guiding principles approved by
the Animal Care Ethics Committee of Nanfang Hospital
(NO. NFYY-2019-0627).

Human subjects

Collection of renal biopsies for RNA-sequencing from cohort
of CKD patients

A total of 33 patients with biopsy-proven IgAN and
6 patients with biopsy-proven MCD in Division of
Nephrology, Nanfang Hospital were recruited for con-
ducting RNA-seq analysis. Clinical characteristics of the
39 patients are shown in Table 1.

Measurement of urinary LIF in CKD patients
Twenty-four-hour urine was collected from biopsy-
proven IgAN patients in Division of Nephrology, Nan-
fang Hospital. The concentrations of LIF in the urine
were measured by human-specific LIF ELISA Kkits
(DLFOOB, R&D, Minneapolis, MN, USA). Clinical
characteristics of IgAN patients were shown in Table 3
and healthy controls in Table 2.

A prospective observational cohort of patients with
CKD was built from April 2014 to August 2020 in
Division of Nephrology, Nanfang hospital. Eligible par-
ticipants were clinically diagnosed CKD patients with
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Characteristics Overall
Patients, No. 39
Gender = Male, n (%) 21 (53.8)
Age, mean (SD), yr 34.03 (12.13)
Serum creatinine, mean (SD), pmol/L 91.54 (39.09)
eGFR, mean (SD), ml/min/1.73m? 92.24 (34.57)
eGFR levels, n (%)
>90 22 (56.41)
60-90 7 (17.95)
30-60 10 (25.64)
Disease, n (%)
IgA Nephropathy 33 (84.6)
Minimal Change Disease 6 (15.4)
Interstitial fibrosis = Yes, n (%) 33 (84.6)
IgAN oxford classification-T, n (%)
To 12 (30.8)
T1 10 (25.6)
™ 11 (28.2)

“Continuous variables were presented as mean (SD), categorical variables were
presented as number (percent). "We estimated the glomerular filtration rate
(eGFR) using the CKD-EPI formula. “The pathological types of 33 cases of
interstitial fibrosis were IgAN while 6 cases of no interstitial fibrosis were
Minimal Change Disease (MCD).

Table 1: Clinical characters of CKD patients for RNA-seq.

18 years or older and not receiving chronic dialysis or
post renal transplantation. Spot urine samples and
clinical data were collected at baseline per standard
operational protocols in all enrolled patients. Clinical
characteristics of CKD patients were shown in Table 4.
The participants were followed every 3 months until
August 2021. The renal outcome was defined as renal
failure (need for chronic kidney replacement therapy or
receiving renal transplantation). In this prospective
cohort, baseline uLlF levels were measured using
commercial ELISA kit (DLFOOB, R&D, Minneapolis,
MN, USA) and normalized for urinary creatinine and
expressed as nanograms per gram of creatinine.

Gene/protein differential analysis of published data

We retrieved the published transcriptome/proteome
data from the NCBI Gene Expression Omnibus (the
GEO series numbers were GSE98622, GSE118339 and

Characteristics Overall

Healthy controls, No. 8

Gender = Male, n (%) 2 (25)

Age, mean (SD), yr 27.25 (1.83)

Serum creatinine, mean (SD), pmol/L 58.625 (7.52)
(

eGFR, mean (SD), ml/min/1.73m? 124.5788 (5.45)
“Continuous variables were presented as mean (SD), categorical variables were
presented as number (percent). "We estimated the glomerular filtration rate
(eGFR) using the CKD-EPI formula.

Table 2: Clinical characters of healthy controls.
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Characteristics Overall
Patients, No. 50

Gender = Male, n (%) 22 (44)
Age, mean (SD), yr 37.7 (11.04)
Serum creatinine, mean (SD), pmol/L 146.66 (137.54)
eGFR, mean (SD), ml/min/1.73m? 68.87 (35.83)
eGFR levels, n (%)

=90 15 (30)

60-90 12 (24)

30-60 16 (32)

15-29 5 (10)

<15 2 (4)

IgAN oxford classification-T, n (%)

TO 16 (32)

T1 20 (40)

T2 14 (28)
“Continuous variables were presented as mean (SD), categorical variables were
presented as number (percent). "We estimated the glomerular filtration rate
(eGFR) using the CKD-EPI formula.

Table 3: Clinical characters of CKD patients for 24 h-uLlIF.

GSE126182).*> We downloaded the gene/protein
expression matrix from supplementary file in each GEO
series website. Genes/proteins expressed in all samples
of each GEO data set were included for analysis. We
used the R package limma (3.46.0) for gene/protein
differential expression analysis between different groups.

RNA-seq data analysis

Library preparation

For primary mouse renal tubular cells, library prepara-
tion was performed by Gene Denovo Biotechnology Co

(Guangzhou, China). More specifically, total RNA was
extracted using Trizol reagent kit (Vazyme Biotech Co,
Ltd, China) according to the manufacturer’s protocol
and enriched by Oligo (dT) beads, while prokaryotic
mRNA was enriched by removing rRNA by Ribo-
ZeroTM Magnetic Kit (Epicentre, Madison, WI, USA).
Then the enriched mRNA was fragmented into short
fragments using fragmentation buffer and reverse
transcripted into cDNA with random primers. Second-
strand cDNA were synthesized by DNA polymerase I,
RNase H, dNTP and buffer. Then the cDNA fragments
were purified with QiaQuick PCR extraction kit (Qiagen,
Venlo, The Netherlands), end repaired, dA-Tailing
added and ligated to Illumina sequencing adapters.
The ligation products were size selected by agarose gel
electrophoresis, PCR amplified.

For patient samples, library preparation was accom-
plished by VeritasGenetics Inc (Hangzhou, China). Spe-
cifically, the transcriptome library for sequencing was
generated using the VAHTS Total RNA-Seq (H/M/R)
Library Prep Kit for Illumina (Vazyme Biotech Co, Ltd,
Nanjing, China). The details of the library construction
were similar to primary mouse renal tubular cells,
including removing ribosomal RNA, RNA fragmentation,
reverse transcription, dA-Tailing added and ligated to the
adapter. Furthermore, the library fragments of patient
samples were purified with AMPure XP system to select
the appropriate cDNA fragment size for sequencing.
Uridine digestion was performed using Uracil-N-
Glycosylase, which was followed by the ¢cDNA amplifi-
cation using PCR. All ¢DNA libraries sequenced on
Mumina HiSeq platform (Hiseq X10 platform for patient
samples, HiSeq 2500 for primary mouse renal tubular
cells).

Variable® Overall Urinary LIF (ng/g Cr) PP
T1 (<19.4) T2 (19.4-53.5) T3 (>53.5)
No. of patients 362 120 121 121 -
Age, y 481 + 141 462 + 13.6 482 + 143 50.1 + 14.2 0.10
Men 233 (64.4%) 87 (72.5%) 85 (70.2%) 61 (50.4%) <0.001
BMI, kg/m2 23.9 + 3.8 23.7 £3.7 243 + 3.6 23.6 + 4.2 0.21
Diabetes 61 (16.9%) 17 (14.2%) 17 (14.0%) 27 (22.3%) 0.25
Hypertension 228 (63.0%) 67 (55.8%) 74 (61.2%) 87 (71.9%) 0.13
MAP, mmHg 101.9 + 15.5 99.1 + 13.9 103.1 + 15.7 103.4 + 16.5 0.12
eGFR, ml/min/1.73m? 362 + 21.1 411 £ 21.4 382 + 203 29.6 + 19.8 <0.001
Proteinuria, g/d 22 +3.2 1.6 + 2.2 14 + 2.4 3.7 +43 <0.001
Hemoglobin, g/L 1211 + 21.7 126.6 + 22.5 121.0 + 20.7 115.6 + 20.5 <0.001
Serum albumin, g/L 38772 403 + 6.0 39.9 + 5.8 361+ 8.7 <0.001
Serum TG, mmol/L 1.8 + 11 1.8 + 1.0 1.6 + 1.0 19+ 1.1 0.09
Serum CHOL, mmol/L 49 + 17 47 +1.6 46 +12 5.5+ 22 0.04
Abbreviations: BMI, body mass index; CHOL, cholesterol; eGFR, estimated glomerular filtration rate; LIF, leukemia inhibitory factor; MAP, mean arterial blood pressure;
T, tertile; TG, triglycerides. *Continuous variables are expressed as mean + standard deviation. Categorical variables are expressed as number (percent). ®Comparing the
covariates across the 3 urinary LIF categories.
Table 4: Characteristics of CKD patient cohort by urinary LIF levels at baseline.

www.thelancet.com Vol 86 December, 2022



www.thelancet.com/digital-health

Articles

Data processing and bioinformatics analysis

RNA-Seq FASTQ raw data were processed and the clean
reads were obtained by removing adapter sequences and
low-quality reads from raw data using Trimmomati
(version 0.39),* fastp (version 0.18.0).*" Next, the clean
reads were aligned to the reference genome (hg38 for
human and mm10 for mouse) using STAR aligner
(version 2.7.7a).** Uniquely mapped reads were counted
using the featureCounts (version 2.0.1)* to quantify
gene expression. RNAs differential expression analysis
was performed by limma (version 3.46.0)*° software
between two different groups. The genes with the
parameter of P value below 0.05 were considered
significant differentially expressed genes.

For gene set variation analysis (GSVA), pathway ana-
lyses were predominantly performed on the 50 hallmark
pathways described in the molecular signature database,
exported using the msigdbr (version 7.2.1).” To reduce
gene overlaps in each gene set, each gene set associated
with a pathway was trimmed to only contain unique genes.
Next, to assign pathway activity estimates to individual
samples, we applied GSVA using standard settings, as
implemented in the GSVA package (version 1.38.0).** To
assess differential activities of pathways between differ-
ential samples, we contrasted the activity scores for each
sample using a generalized linear model.** Results of these
linear models were visualized using bar plots.

Analysis of published single cell RNA-seq data

The data of UUO snRNA-seq (10X)* and UUO
PDGFRB* scRNA-seq (SmartSeq2) were obtained
respectively from GSE119531 and the Zenodo data
archive (https://zenodo.org/record/4059315, https://doi.
org/10.5281/zenodo.4059315), which contain the gene
expression matrix data and cell cluster annotations. Then,
we performed data normalization and scaling according
to standard pre-processing workflow of the Seurat'*
(version 4.0, https://satijalab.org/seurat/). Dotplot was
used to visualize relevant genes expression, including Lif,

1111, Lifr, Il6st, Pdgfra, Pdgfrb and Tgfbl.

Animal experiments

Male BALB/C and C57BL/6 mice (body weight 20-25 g
and age 8-10 weeks) used in this study were purchased
from Yancheng biology (Guangzhou, China). All mice
were anesthetized with intraperitoneal injection of so-
dium pentobarbital (11715, Sigma-Aldrich, St. Louis,
MO, USA) before the surgical operation.

Unilateral ureteral obstruction (UUO) was per-
formed on the left ureter of BALB/C mice, as previously
described.” Briefly, left ureter of the mouse was ligated
twice with 4-0 silk surgical sutures at the lower pole of
the kidney. Sham-operated mice had their ureters
exposed, but not ligated. Mice were sacrificed on
day 3, 7, or 14 after surgery. Kidney tissues were stored
at —80 °C for further experimental analysis.
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Ischemia reperfusion injury (IRI) in C57BL/6 mice
was performed as previously described.* Briefly, the left
kidney’s pedicle was clamped for 30 min at 37 °C to
completely block renal blood flow, followed by the
clamp’s release to restore renal blood supply to induce
ischemia reperfusion injury. Mice were sacrificed on
day 3, 7, or 14 after reperfusion. Unilateral ischemia
reperfusion injury (UIRI) in C57BL/6 mice was per-
formed as mentioned above and contralateral kidney
was removed 1 day before the mouse was sacrificed.
Kidney tissues were stored at —80 °C for further exper-
imental analysis.

Lentiviral constructs

The constructs of lenti-LIF-GFP and lenti-shLIFR-GFP
were designed and constructed by Shanghai GenePharma
Co (Shanghai, China). Based on the manufacturer’s in-
struction, four plasmid system was used for lentivirus
packaging included pGag/Pol, pRev and pVSV-G, the LIFR
interfering RNA sequence was 5-GGACATCAATTCAA-
CAGTTGT-3". The fulllength mouse LIF ¢cDNA (NCBI
Reference Sequence: NM_008501.2) was amplified and
cloned into LV5 (Shanghai GenePharma Co).

Overexpression of LIF in mice

Male BALB/C mice were randomly divided into
3 groups (n = 6 in each group): (i) sham-operated group;
(ii) UUO mice receiving lenti-GFP-NC; (iii) UUO mice
receiving lenti-GFP-LIF. 4 x 107 transducing units of
control lentivirus (lenti-GFP-NC) or lenti-GFP-LIF in
100 pl PBS were injected into left renal parenchyma
through abdominal incision exposing the abdominal
cavity 3 days before UUO surgery. Three days later, the
left kidney was exposed through the back incision and
UUO surgery was conducted. All mice were sacrificed
on day 7 after surgery.

Knocking down endogenous LIFR in vivo

Male BALB/C mice were randomly divided into 3
groups (n = 6 in each group): (i) sham-operated group;
(ii) UUO mice receiving lenti-Ctrl-shNC (lentiviral vec-
tor containing scrambled shRNA); (iii) UUO mice
receiving lenti-LIFR-shR (lentiviral vector containing
LIFR shRNA). 4 x 107 transducing units of lenti-Ctrl-
shNC or lenti-LIFR-shR in 100 pl PBS were injected
into renal parenchyma 4 days before UUO surgery as
described above. All mice were sacrificed on day 10 after

surgery.

In vivo LIF-neutralizing antibody administration

Male BALB/C or C57BL/6 mice were randomly divided
into 3 groups (n = 6 in each group): (i) sham-operated
group; (if) UUO/UIRI mice receiving IgG; (iii) UUO/
UIRI mice receiving LIF-neutralizing antibody. IgG
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Days after UUO 3
Dosage of IgG or LIF-neutralizing antibody (mg/kg via the tail vein) 0.25

5 7 8 9
0.5 0.75 1 1.25

10
A5

11
175 2 2

Table 5: The dosage and time period of UUO mice receiving IgG or LIF-neutralizing antibody.

(R&D Systems Cat# BAF108, RRID: AB_355828) or LIF-
neutralizing antibody (R&D Systems Cat# AB-449-NA,
RRID: AB_354362) was injected into mice via tail-vein
injection. The dosage and time period of mice receiving
IgG or LIF-neutralizing antibody was described in
Tables 5 and 6. BALB/C mice were sacrificed on day 14
after UUO. C57BL/6 mice were sacrificed on day 12 after
UIRI.

Renal function and histology

Renal function was assessed by measuring serum
creatinine (OSR61204, Beckman Coulter, CA, USA)
using an automatic biochemical analyzer (Beckman
Coulter, CA, USA). 2 pm paraffin-embedded kidney
sections were subjected to hematoxylin and eosin (HE),
Masson trichrome and Sirius red staining using com-
mercial kits (BA4356, BA4079B, BASO, China) accord-
ing to the manufacturer’s protocol. HE staining was
used to assess tubular atrophy. Non-vascular parts of
cortex regions were selected for fibrosis assessment. To
evaluate the degree of interstitial fibrosis, Sirius red and
Masson trichrome stainings were evaluated by calcu-
lating the proportion fraction of the red and blue area,
respectively. The proportion fraction was calculated by
image analysis software (Image J). Twenty fields were
randomly selected under the microscope (x400) in
cortex regions of each kidney sections for evaluation.

Immunohistochemical, immunofluorescence
staining and frozen section

Kidney tissues were immersed in 4% paraformaldehyde
and dehydrated by gradient alcohol, and then embedded
in paraffin. After deparaffinization and hydration, 4 pm
sections were treated for antigen reparation and incu-
bated with indicated antibodies at 4 °C overnight
followed by incubation with horseradish peroxidase-
labeled secondary antibodies. Finally, slides were
stained with hematoxylin.

H-score (3x percentage of strong staining + 2x per-
centage of moderate staining + percentage of weak
staining, giving a range of 0-300) was used to quantify
F4/80 and CD206 staining in mouse fibrotic renal. IHC
antibodies: F4/80 (Cell Signaling Technology Cat#
70076, RRID: AB_2799771), CD206 (Cell Signaling
Technology Cat# 24595, RRID: AB_2892682).

For immunofluorescence staining, kidney sections
were stained with anti-LIF (R&D Systems Cat# AB-449-
NA, RRID: AB_354362) and anti-FSP-1 (S100A4, Abcam
Cat# ab197896, RRID: AB_2728774) at 4 °C overnight
followed by incubating with corresponding AlexaFluor
antibodies 1 h at room temperature, respectively. Nuclei
were stained with DAPI. Images were taken by confocal
microscopy (Olympus Corporation, Tokyo, Japan). Atleast
6 visual fields per section were analyzed for localization of
cell markers.

Frozen-section slides of the kidney were made as soon
as mice were sacrificed. Images were taken by fluores-
cence microscope (Olympus Corporation, Tokyo, Japan).

LIF ELISA

Concentrations of LIF in the tissue lysates of mice were
measured using mouse-specific LIF ELISA kits (MLFO0O,
R&D, Minneapolis, MN, USA) according to the manu-
facturer’s protocols. The concentration of LIF in the
culture medium of normal rat kidney interstitial fibro-
blast cell lines (NRK49F) was determined using rat-
specific LIF ELISA kits (ELK5072, ELK Biotechnology,
Wubhan, China).

Cell culture and treatment

Normal rat kidney tubular cell lines (NRK52E) were
bought from American Type Culture Collection (ATCC,
Gaithersburg, MD, Cat # CRL-1571, RRID: CVCL_0468)
and NRK49F were kindly provided by Professor Youhua
Liu (Departments of Pathology, and Medicine, Univer-
sity of Pittsburgh School of Medicine).** Cells were
cultured in DMEM-Ham’s medium (Gibco/Life Tech-
nologies, Grand Island, NY, USA) supplemented with
10% fetal bovine serum (FBS) (Gibco/Life Technologies,
Grand Island, NY, USA). When 60% confluence was
reached, cells were switched to serum-free medium for
12 h and treated with TGF-p1 (240-b-002, R&D, Min-
neapolis, MN, USA), TNF-a (T66674, Sigma—Aldrich,
St. Louis, MO, USA), Angll (GF165, Sigma-Aldrich,
St. Louis, MO, USA), SHH (HZ-1306, ProteinTech
Group, Chicago, IL, USA), OSM (HY-P7052, MedChe-
mExpress, NJ, USA), IL-11 (218-IL-005, R&D, Minne-
apolis, MN, USA) or LIF (7734-LF-025, R&D,
Minneapolis, MN, USA) in the serum-free medium for
indicated time period. In some experiments, cells were

Days after UIRI
Dosage of IgG or LIF-neutralizing antibody (mg/kg via the tail vein)

2

7 8 9
2 25

Table 6: The dosage and time period of UIRI mice receiving IgG or LIF-neutralizing antibody.
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pretreated with indicated inhibitor for 30 min followed
by incubation with vehicle or LIF for indicated time
period. The inhibitors used were as follows: ERK in-
hibitor UO126 (#9903, Cell Signaling Technology, Bev-
erly, Massachusetts, USA), STAT3 inhibitor stattic
(s7024, Selleckchem, TX Houston, USA), hedgehog
signaling pathway inhibitor cyclopamine (s1146, Sell-
eckchem, TX Houston, USA). LIF used in cellular
experiments was dissolved in PBS. Cell line validation
and mycoplasma testing of NRK49F and NRK52E had
been accomplished. All reagents were purchased from
Guang Zhou Huajian Bioscience Co Ltd.

Isolation and culture of primary renal fibroblasts,
renal tubular cells and bone marrow derived
macrophages

Primary mouse renal fibroblasts were isolated as
previously described.”” Male CS57BL/6 mice aged
8 weeks were euthanized by sodium pentobarbital,
and kidneys were collected in the Clean Bench. Kid-
neys without capsules and renal pedicles were
shredded and then washed with PBS until the tissues
were white. Kidneys were digested with trypsin con-
taining EDTA at 37 °C for 45 min, and then passed
through 70 and 40 pm cell strainers. After centri-
fuging at 800 rpm for 5 min, the pellets were
resuspended in DMEM/F-12 medium and centrifuged
at 800 rpm for 5 min again. The cells were cultured
in DMEM/F-12 medium containing 10% FBS in a
humidified incubator.

Primary mouse proximal tubular epithelial cells
(PTECs) were isolated as previously described.* Male
C57BL/6 mice euthanized by sodium pentobarbital, and
then kidneys were collected in a septic environment.
The cortisol of the kidney was carefully separated and
minced, and then washed with PBS until the tissues
were white. The tissues were digested in 0.75 mg/ml
collagenase IV (17104019, Gibco, Waltham, MA, USA)
for 30 min at 37 °C. After centrifuging at 500 rpm for
2 min, those cells were washed with DMEM/F-12 me-
dium by centrifuging at 500 rpm for 2 min. The tubular
cells were isolated using 32% Percoll (17089101, Marl-
borough, MA, USA) gradients by centrifuging at 2000g
at 4 °C for 10 min, and then resuspended with DMEM/
F-12 medium. Primary tubular cells were cultured in
DMEM/F-12 medium containing 10% FBS.

Bone marrow derived macrophages were isolated as
previously described.* Briefly, fresh bone marrow (BM)
cells were flushed out of the femur and tibia of the
C57BL/6 mice with PBS buffer and cultured in RPMI
Medium 1640 basic (Gibco) supplemented with 10%
FBS in the presence of 10 ng/ml granulocyte macro-
phage colony-stimulating factor (GM-CSF, Peprotech).
Fresh medium with 10% FBS and 10 ng/ml GM-CSF
was added after 3 and 5 days. At day 7, the media
were changed to RPMI Medium 1640 basic containing
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1% FBS without GM-CSF 12 h before LIF (24 ng/ml,
24 h or 48 h) or vehicle treatments.

siRNA transfection
NRK49F cells and NRKS52E cells were transfected with
siEGR1 and siLIFR respectively using LipofectamineTM
2000 transfection reagent (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s protocol, followed
by treatment for different time period. The siEGR1 and
siLIFR was purchased from RiboBio (Guangzhou,
China). The RNA sequences of RNAi oligunucleotides
were as follows:
EGR1-siRNA-1: 5-GGACTTAAAGGCTCTTAAT-3';
EGRI1-siRNA-2: 5-GGACAAGAAAGCAGACAAA-3';
LIFR-siRNA-1:5-TGAAATGCACAACCAACAA-3;
LIFR-siRNA-2:5-CATCGACTAGAGACAACAA-3';

Cells counting

For counting cell numbers, NRK49F cells cultured in 12-
well plate were digested with 200 pl trypsin containing
EDTA (Gibco/Life Technologies, Grand Island, NY, USA)
after treatment. The cell suspension was centrifuged at
800 rpm for 5 min and resuscitated the cells with PBS and
equal 0.4% trypan blue staining solution (0418A19, Lea-
gene Biotechnology, Beijing, China) to 1 ml Cell
numbers were counted by using a hemacytometer.

Bromodeoxyuridine (BrdU) incorporation assay
NRK49F cells were seeded onto 35 mm x 10 mm plates,
and then pulsed with BrdU (10 mM) for 2 h. At the end
of incubation, cells were fixed with 100% methanol fol-
lowed by 0.2% Triton X-100 (1139ML100, Biofroxx, Ein-
hausen, Germany) treatment. DNA was denatured by
incubation with 2.5 N HCL for 1 h followed by neutral-
ization with 0.1 M NaHCO;. Cells were incubated diluted
anti-BrdU (Abcam Cat# ab8152, RRID: AB_308713)
antibody followed by incubating with Alexa Fluor® 594-
conjugated goat anti-mouse IgG (invitrogen Cat# A-
11005, RRID: AB_2534073). DAPI (ZLI-9557, Zsbio,
Beijing, China) was added to stain the nuclei. The cells
were observed with a fluorescence microscope (x100).
Five randomly chosen microscopic fields were analyzed
and the results are expressed as the cell proliferation rate
calculated as follows: BrdU positive labeled cells/total
number of cells x100%.

Western blot analysis

Cells or kidney tissues were lysed with protein
cracking liquid lysis buffer containing 0.1% protease
inhibitor cocktail (Thermo Fisher, Rockford, IL, USA)
for 30 min on ice. Lysates were subjected to Western blot
analysis using the method described previously.” The
following primary antibodies were used: anti-p-STAT2
(Abcam Cat# ab53132, RRID: AB_882712), anti-STAT2
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(Abcam Cat# ab32367, RRID: AB_778098), anti-p-STAT4
(Abcam Cat# ab28815, RRID: AB_2196601), anti-STAT4
(Abcam Cat# ab55357, RRID: AB_882715), anti-p-
STAT5a (Abcam Cat# ab30648, RRID: AB_779091),
anti-p-STAT5a  (Abcam  Cat# ab128896, RRID:
AB_11150987), anti-STATSa (Abcam Cat# ab32043,
RRID: AB_778107), anti-p-STATS5b (Abcam Cat#
ab52211, RRID: AB_2196931), anti-STAT5b (Abcam
Cat# ab178941, RRID: AB_2885102), anti-c-Myc (Abcam
Cat# ab32072, RRID: AB_731658), anti-TNC (Abcam
Cat# abl08930, RRID: AB_10865908), anti-a-SMA
(Sigma—Aldrich Cat# A5228, RRID: AB_262054), anti-
Fibronectin  (Sigma-Aldrich Cat# F3648, RRID:
AB_476976), anti-SHH (Sigma-Aldrich Cat# S8321,
RRID: AB_1080054), anti-COL1Al1 (Boster Biological
Technology Cat# BA0325, RRID: AB_2891224), anti-LIF
(Santa Cruz Biotechnology Cat# sc-515931, LOT# E0119)
was purchased from UNIV, anti-p-ERK (Cell Signaling
Technology Cat# 9101, RRID: AB_331646), anti-ERK
(Cell Signaling Technology Cat# 4695, RRID:
AB_390779), anti-p-JNK (Cell Signaling Technology Cat#
4668, RRID: AB_823588), anti-JNK (Cell Signaling
Technology Cat# 9258, RRID: AB_2141027), anti-p-p38
(Cell Signaling Technology Cat# 9211, RRID:
AB_331641), anti-p38 (Cell Signaling Technology Cat#
8690, RRID: AB_10999090), anti-Egr-1 (Cell Signaling
Technology Cat# 4153, RRID: AB_2097038), anti-p-
STAT1 (Cell Signaling Technology Cat# 7649, RRID:
AB_10950970), anti-STAT1 (Cell Signaling Technology
Cat# 14994, RRID: AB_2737027), anti-p-STAT3 (Cell
Signaling Technology Cat# 9145, RRID: AB_2491009),
anti-STAT3 (Cell Signaling Technology Cat# 4904,
RRID: AB_331269), anti-Cyclin-D1 (Cell Signaling
Technology Cat# 2978, RRID: AB_2259616), anti-
GAPDH  (Proteintech =~ Cat#  60004-1-Ig, RRID:
AB_2107436), anti-B-ACTIN (Proteintech Cat# 66009-1-
Ig, RRID: AB_2687938) and anti-Tubulin (Proteintech
Cat# 66240-1-Ig, RRID: AB_2881629).

Flow cytometry

Cells were gathered and suspended in FACS buffer.
Fluorophore-conjugated antibodies were purchased
from BioLegend (used at 1:100 dilution): FITC-F4/80
(123108, RRID: AB_893502), APC-CD86 (105012, RRID:
AB_493342), Alexa Fluor 700-CD206 (141733, RRID:
AB_2629636). FIXABLE VIABILITY DYE was purchased
from Thermo Fisher (65-0865-14, used at 1:10000). Cells
were dyed on ice, protected from light for 30 min, then
centrifuged (1600 rpm/10 min), washed with FACS buffer
and analyzed using an FACSCantoll (BD Biosciences) flow
cytometer.

Real-time PCR
Total RNA was isolated from NRK49F cells or kidney
tissues with TRIzol (Vazyme Biotech Co, Ltd, Nanjing,

China) reagent according to the manufacturer’s in-
structions. Real-time PCR was performed on an ABI
PRISM 7500 Fast sequence detection system (Applied
Biosystems, Foster City, CA). The mRNA levels of
indicated genes were calculated after normalizing with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
by the comparative CT method (2724<"). The primers
used in the experiments are listed in Table 7.

Statistical analysis

Categorical variables were presented as counts
(percent) and continuous variables were presented as
mean (SD). For continuous variates, comparisons be-
tween two groups were performed using Student’s t
test; comparisons among three or more groups were
performed wusing one-way analysis of variance
(ANOVA). If the differences among multi-groups were
significant, Least-Significant Difference (LSD) test or
Dunnett’'s T3 were used to analyze differences be-
tween each pair of groups. Spearman’s coefficient
correlation was used to assess the relationship between
IL6 cytokines family expression and eGFR. Character-
istics of the prospective CKD cohort were grouped and
compared by reaching the renal endpoint or not.
Complete data were collected and all patients were
followed up during this cohort study. Cumulative
kidney survival curves according to baseline uLIF
levels (tertiles) were generated using the Kaplan—-Meier
method and compared using the log-rank test. Sub-
group Kaplan—Meier analyses in patients with
advanced CKD or overt proteinuria were also con-
ducted. P < 0.05 was considered significant. RNA-seq
data and patients’ clinical indicators were analyzed
by R 4.0.4 software. Animal and cell experiments data
were analyzed by IBM SPSS software (version 21).

Role of funding source

The funders were not involved in study design, data
collection, analysis, interpretation or writing of the
manuscript.

Results

LIF is the most upregulated member of IL6 family
in fibrotic kidneys of animal models

First of all, we systemically examined the expression of
IL6 cytokines family in fibrotic renal tissues induced by
IRI. As shown in Fig. 1a, although the mRNA level of
Cntf, Clef1, 1l6, 1111, Osm and Lif were all significantly
upregulated since day 3 after IRI, the level of Lif mRNA
was the highest and the upregulation of Lif was sus-
tained till day 14 after IRI. In mouse model of TIF
induced by UUO, the expression of Osm, Lif, Clefl, 1111
and 116 was remarkably increased. Lif upregulation was
most significant, and sustained till day 14 after UUO
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Gene

Primer sequence (5 to 3)

Mouse Gapdh
Mouse Gapdh
Mouse 1131
Mouse 1131
Mouse Cd206(Mrc1)
Mouse Cd206(Mrc1)
Mouse Argl
Mouse Arg1l
Mouse Shh
Mouse Shh
Mouse 1110
Mouse 1110
Mouse Lif
Mouse Lif
Mouse 1111
Mouse 1111
Mouse Kim-1(Havcrl)
Mouse Kim-1(Havcr1)
Mouse Cntf
Mouse Cntf
Mouse Clcf1
Mouse Clcf1
Mouse Ctf1
Mouse Ctf1
Mouse Tnf
Mouse Tnf
Mouse Osm
Mouse Osm
Mouse 116
Mouse 116
Mouse 1127
Mouse 1127
Mouse Ccl2
Mouse Ccl2
Mouse 1113
Mouse 1113
Mouse Nos2
Mouse Nos2
Mouse Cxcl9
Mouse Cxcl9
Mouse Cxcl10
Mouse Cxcl10
Rat Gapdh
Rat Gapdh
Rat Tnf

Rat Tnf

Rat Lif

Rat Lif

Rat 111

Rat 1111

Rat Gli1

Rat Gli1

Rat 1113

Rat 111

Rat Ccl2

Rat Ccl2

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

GCACAGTCAAGGCCGAGAAT
GCCTTCTCCATGGTGGTGAA
TCAGCAGACGAATCAATACAGC
TCGCTCAACACTTTGACTTTCT
CTCTGTTCAGCTATTGGACGC
CGGAATTTCTGGGATTCAGCTTC
CTCCAAGCCAAAGTCCTTAGAG
AGGAGCTGTCATTAGGGACATC
AGATCACAAGAAACTCCGAACGA
AACTTGTCTTTGCACCTCTGAGTC
GCTCTTACTGACTGGCATGAG
CGCAGCTCTAGGAGCATGTG
AAAAGCTATGTGCGCCTAACA
GTATGCGACCATCCGATACAG
TGTTCTCCTAACCCGATCCCT
CAGGAAGCTGCAAAGATCCCA
GTTAAACCAGAGATTCCCACACG
TCTCATGGGGACAAAATGTAGTG
TCTGTAGCCGCTCTATCTGG
GGTACACCATCCACTGAGTCAA
GACTCGTGGGGGATGTTAGC
CTAAGCTGCGGAGTTGATGCT
CCACCAGACTGACTCCTCAAT
CTCCCTGTTGCTGCACGTA
GCAAAGGGAGAGTGGTCA
CTGGCTCTGTGAGGAAGG
CCAGAGTACCAGGACCCA
GCTGAGGAGCTGAGAGGA
AAAGAGTTGTGCAATGGCAATTCT
AAGTGCATCATCGTTGTTCATACA
TGTCCACAGCTTTGCTGAAT
GAAGTGTGGTAGCGAGGAAGC
CTTCTGGGCCTGCTGTTCA
CCAGCCTACTCATTGGGATCA
TGCCACCTTTTGACAGTGATG
AAGGTCCACGGGAAAGACAC
GTTCTCAGCCCAACAATACAAGA
GTGGACGGGTCGATGTCAC
TCCTTTTGGGCATCATCTTCC
TTTGTAGTGGATCGTGCCTCG
CCAAGTGCTGCCGTCATTTTC
GGCTCGCAGGGATGATTTCAA
TCCGCCCCTTCCGCTGATG
CACGGAAGGCCATGCCAGTGA
ATGGGCTCCCTCTCATCAGT
GCTTGGTGGTTTGCTACGAC
TCTTGGCCACAGGGATTGTG
TGTTGGGCGCACATAGCTTA
AAAGACTCTGGAGCCAGAG
TAGGCGAGACATCAAGAGC
ATCCAATGACTTCACCACAAGT
ATCCTAAAGAAGGGCTCATGGT
GAAGTCAAGACCAAAGTGG
TGAAGTCAACTATGTCCCG
TCTACAGAAGTGCTTGAGGTGGTTG
CCTGTTGTTCACAGTTGCTGCC

(Table 7 continues on next page)
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Gene

Primer sequence (5 to 3')

(Continued from previous page)

Rat 116 Forward
Rat 116 Reverse
Rat Osm Forward
Rat Osm Reverse
Rat Cxcl14 Forward
Rat Cxcl14 Reverse

CTCTCCGCAAGAGACTTCCAG
TGTGGGTGGTATCCTCTGTGA
CCACCGAGAACACTGCTTAGTTTG
AGCCGAGCCATGCAGTAAAC
ATCCTAAGCTGCAAAGTACCA
CCTACTCTTCGTAGACCCTG

Table 7: Primers used in this study.

(Fig. 1b). The expression of II31 was not detected in
UUO or IRI model. Western blot analysis confirmed the
elevated protein level of LIF in renal fibrotic lesions
induced by both UUO and IRI (Fig. 1c—f). Meanwhile
LIFR was also increased in these two models
(Supplementary Fig. Sla—f). Consistent with our data,
the most significant upregulation of Lif was detected in
published RNA sequencing data (RNA-seq) (GSE98622,
GSE118339)*** (Supplementary Fig. S2a and b). Note-
worthy, mass spectrometry analysis only detected
the increased protein level of LIF in renal fibrotic
lesion induced by UUO (GSE126182, Supplementary
Fig. S2c).

To explore the cellular sources of LIF in fibrotic
kidney, we analyzed published single nucleus RNA
sequencing (snRNA-seq) dataset of fibrotic kidney from
mice 14 days after UUO.* LIF was mainly expressed in
activated fibroblast 2, proliferating proximal tubule
epithelial cells and collecting duct-principal cells
(Fig. 1g). LIFR was ubiquitously expressed in variety
of cells (Fig. 1h and j). We noticed that, similar to acti-
vated fibroblast 2, proliferating proximal tubule cells
expressed mesenchymal marker “vimentin” as well as
“PDGFD, SPP1, COL4al”, suggesting that proliferating
proximal tubule cells exhibited the characteristics of
mesenchymal cells.”” Additionally, in a published Smart-
Seq dataset of PDGFRp" cells from mice 10 days after
UUO, LIF was expressed in myofibroblasts, parietal
epithelial cells and mesangial cells(Fig. 1i). To validate
the scRNA-seq data, we conducted immunohistochem-
ical staining in fibrotic kidney from mice 7 days after
UUO. As shown in Fig. 1k, elevated LIF protein was
predominantly detected in the tubulointerstitium. Dual
immunofluorescence staining revealed the co-staining
of LIF with FSP-1, a marker of fibroblasts (Fig. 1m).
We did not observe obvious positive staining of LIF in
renal tubular cells, probably because LIF is a secreted
protein that is not easily detected as those intracellular
proteins. Collectively, these data indicate that LIF was
mainly expressed in activated fibroblasts in fibrotic renal
lesions. In addition, immunohistochemical staining
showed that LIFR was mainly detected in mesenchymal
cells and some renal tubular cells (Fig. 11).

LIF is upregulated and correlated with TIF and eGFR
in patients with fibrotic kidney disease

In order to explore the relevance of LIF expression in the
human TIF, we selected IgAN since the degree of TIF in
IgAN could be calculated by Oxford MEST-T grade. The
mRNA from renal biopsies of 33 IgAN patients were
extracted for RNA-seq analysis. Six biopsy specimens
from minimal change disease (MCD) patients were
used as control. The clinical characters of patients
were shown in Table 1. First of all, 39 patients were
stratified into three groups according to the estimated
glomerular filtration rate (eGFR): eGFR > 90 (min/
1.73 m?); 89 (min/1.73 m?) > eGFR > 60 (min/1.73 m?);
59 (min/1.73 m? > eGFR > 30 (min/1.73 m?).
Among IL6 family members, only the LIF level was
significantly increased along with the decline of eGFR
(Fig. 2a; Supplementary Fig. S3a). Spearman’s coeffi-
cient correlation revealed that, among IL6 family
members, LIF showed the strongest correlation with
eGFR with the smallest P value (r, = -0.752,
P = 289 x 107 by Spearman correlation) (Fig. 2b;
Supplementary Fig. S3b). Next, we analyzed the associ-
ation of TIF with the mRNA levels of IL6 family
members in renal biopsies of IgAN patients. Compared
with those MCD patients without TIF (n = 6), the mRNA
level of LIF and IL11 was significantly increased in pa-
tients with TIF, but the elevation of LIF
(logFC =1.128778, P = 0.002333 vs No TIF by R package
limma) was higher than that of IL11 (logFC = 0.644977,
P = 0.0245 vs No TIF by R package limma) (Fig. 2c).
Furthermore, among IL6 family members, only LIF
level was significantly increased with the increase of
Oxford MEST-T grade (Fig. 2d, Supplementary
Fig. S3c), indicating that the elevation of LIF was asso-
ciated with the severity of TIF.

We further confirmed the transcriptional changes of
IL6 family members in other human CKD kidney
specimens using the Nephroseq V5 transcriptomic
database. We chose the ERCB Nephrotic Syndrome Data
set which included RNA-seq data from 18 focal
segmental glomerulosclerosis (FSGS), 10 diabetic ne-
phropathy, and 9 healthy living donor samples. Differ-
ential analysis showed that, compared with healthy
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controls, only the levels of LIF (logFC = 1.051,
P =0.01001 vs No TIF by R package limma) and CLCF1
(logFC = 0.764, P = 0.00978 vs No TIF by R package
limma) were significantly increased in CKD samples.
The level of LIF was higher than that of CLCF1 (Fig. 2e).
Both the levels of LIF (r, = -0.595, P = 3.37 x 107 by
Spearman correlation) and CLCF1 (r, = -0.713,
P = 6.45 x 10 by Spearman correlation) were nega-
tively correlated with eGFR (Fig. 2f, Supplementary
Fig. S4). Collectively, these data indicate that LIF upre-
gulation is a common feature of various human CKD.
Taupin et al.* reported the presence of LIF in the
urine of kidney transplanted patients with acute rejec-
tion episodes, but not of those with stable renal func-
tion. Thus, we examined whether LIF protein can be
detected in the urine of CKD patients. Western blotting
showed that LIF protein in the urine of IgAN patients
was readily detectable, but hardly visible in healthy vol-
unteers (Fig. 2g). Next, the levels of LIF in the 24-h urine
(uLIF) were measured by ELISA. The clinical characters
of patients were shown in Tables 2 and 3. Compared
with healthy controls, the uLIF level in IgAN patients
was significantly increased. The uLIF level in IgAN
patients was positively correlated with Oxford MEST-T
stages, inversely correlated with renal function
(s = —0.624, P < 0.0001 by Spearman correlation)
(Fig. 2h and i). To investigate the relationship between
uLIF and kidney outcome (end-stage kidney disease,
ESRD) in CKD patients, we used bio-samples and data
from a prospective cohort of Chinese patients with CKD
(mean eGFR of 36 ml/min/1.73* and mean proteinuria
of 2.2 g/d) with long-term follow-up. In this prospective
cohort of CKD patients (N = 362, 59 cases of ESRD in a
median 41 months follow-up), we found that baseline
uLIF levels predicted the risk of CKD progression to
ESRD (Fig. 2j). Furthermore, in subgroup analysis,
baseline uLIF levels predicted the risk of CKD pro-
gression to ESRD both in patients with advanced CKD
(eGFR < 60 ml/min/1.73 m? P = 0.05 by log-rank test;
Fig. 2k) and overt proteinuria (>1.0 g/d) (P = 0.07 by log-
rank test; Fig. 21), suggesting that higher expression of

LIF might be a prominent indicator for TIF and disease
progression in CKD.

LIF induces fibroblasts activation via ERK and
STAT3 pathways

Since LIF was expressed in activated fibroblasts, we next
explored the role of LIF in fibroblast activation. NRK49F
cells were incubated with indicated concentration of
recombinant human LIF. Cell counting revealed that
LIF substantially increased the number of fibroblasts in
a time- and dose-dependent manner (Fig. 3a). BrdU
incorporation assay revealed increased BrdU incorpora-
tion in LIF-stimulated NRK49F cells (Fig. 3b and c).
Consistently, proliferation-related proteins such as c-Myc,
and Cyclin-D1 were induced by LIF in a dose-dependent
manner (Fig. 3d and e). Moreover, LIF induced fibro-
blasts activation as manifested by the upregulation of
a-smooth muscle actin (a-SMA), collagen1A1 (COL1A1),
Fibronectin and tenascin-C (INC) (Fig. 3d and e).
Similar results were obtained when primary mouse
renal fibroblasts were treated with various concentra-
tions of recombinant human LIF (Supplementary
Fig. S5a and D).

Next, we explored the pathways mediating the pro-
fibrotic effect of LIF. Western blotting showed that LIF
increased the level of phosphorylated ERK (p-ERK), but
not p38 and JNK, in a dose-dependent manner in
NRK49F cells (Fig. 3f and g) and primary renal fibro-
blasts (Supplementary Fig. S5c¢ and d). In addition, LIF
significantly increased the level of phosphorylated
STAT3 (p-STAT3) in NRK49F cells and primary renal
fibroblasts with indicated concentrations of LIF (Fig. 3h
and i and Supplementary Fig. S5e and f). U0126, the
ERK pathway inhibitor, and Sttatic, the STAT?3 inhibitor,
remarkably blocked LIF-induced expression of c-Myc,
Cyclin-D1, COL1Al, Fibronectin and TNC, as well as the
inflammatory cytokines including Ccl2, 1118, Tnf, and 1111
but not 116 (Fig. 3j-). Collectively, these data indicated that
LIF induces fibroblasts activation and proliferation via ERK
and STAT3 pathways.

normalized with gapdh. (c and d) Western blot analysis (c) and densitometric quantification (d) of LIF protein at days 3, 7 and 14 after UUO
(n = 6). (e and f) Western blot analysis (e) and densitometric quantification (f) of LIF protein at day 14 after IRI (n = 6). (g) Dotplot illustrating
expression of Lif and 1111 in single nucleus RNA sequencing (snRNA-seq) dataset of fibrotic kidney from mice 14 days after UUO. (h) Dotplot
illustrating expression of Lifr, l6st and Tgfb1 in single nucleus RNA sequencing (snRNA-seq) dataset of fibrotic kidney from mice 14 days after
UUO. (i) Dotplot illustrating expression of Lif in a published Smart-Seq dataset of PDGFRB" cells from mice 10 days after UUO. (j) Dotplot
illustrating expression of Lifr, I6st, pdgfrb and pdgfra in a published Smart-Seq dataset of PDGFRB" cells from mice 10 days after UUO. (k)
Representative LIF immunostaining in renal sections from sham mice (left panel) and UUO mice (middle and right panel). Magnification, x400
(left and middle panel), x1000 (right panel). Arrows indicate positive LIF expression. The boxed region was shown at higher magnification (right
panels). Scale bar, 50 um. (I) Representative LIFR immunostaining in renal sections from UUO 7 day mice. LIFR was detected in mesenchymal
cells (Use triangle to indicate) and some tubular epithelial cells (Use arrows to indicate). Magnification, x400. (m) Representative fluorescent
images of coimmunostaining LIF (red) with FSP-1 (green) in renal sections from UUO mice. Arrows in magnified image indicate colocalization of
LIF and FSP-1. The boxed region was showed at higher magnification. Scale bar, 50 pm. Data were expressed as means + SD. P < 0.05, *P < 0.01
versus sham mice. P values were determined by Student’s t-test in (f) and one-way ANOVA (Least-Significant Difference test or Dunnett's T3
test) in (a), (b) and (d). Data in (g) and (h) referenced frome Wu, H., et al., 2019. Data in (i) and (j) referenced frome Kuppe, C,, et al., 2021.
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Fig. 2: LIF expression in renal biopsies and urine from CKD patients. (a) The expression of LIF along with the decline of eGFR (n = 39). (b) The
association between the log2 of LIF expression and eGFR (n = 39). (c) Differential expression of IL6 family cytokines between subjects with (n = 33) and
without (n = 6) TIF. (d) The expression of LIF in different stages of Oxford-T grades of IgAN (n = 39). (e) Differential expression of IL6 family cytokines
between CKD (n = 28) and healthy subjects (n = 9) from the ERCB Nephrotic Syndrome Data set. (f) The association between the log2 of LIF expression
and eGFR in subjects (n = 33) from the ERCB Nephrotic Syndrome Data set. (g) Western blot analysis of LIF protein in 24 h-urine. (h) The amount of
LIF protein in 24 h-urine was increased along with the stage of Oxford-T grades of IgAN (n = 50) and healthy controls (n = 8). The amount of LIF
protein in 24 h-urine was measure by ELISA. (i) The amount of LIF protein in 24 h-urine negatively correlated with eGFR of IgAN patients (n = 50). (j-I)
The level of uLIF at baseline predicts the risk of CKD progression to ESRD. Tertiles of uLIF-7 levels had a graded relationship with the risk of CKD
progression to ESRD in total cohort (j), in subgroups of patients with eGFR <60 ml/min/1.73 m? (k) and patients with proteinuria >1.0 g/d (|). Data in
(a), (d) and (h) were represented as median + interquartile range (IQR) and P values were determined by one-way ANOVA (Least-Significant Difference
test). The Spearman correlation analysis was used in (b), (f) and (i). The R package limma (3.46.0) was used in (c) and (e) for gene differential
expression analysis between two groups. Data in (j), (k) and (I) were generated using the Kaplan-Meier method and compared using the log-rank test.
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LIF promotes pro-fibrotic response in renal
tubular cells

Since LIFR was detected in renal tubular cells (Fig. 11),
we thus investigated whether LIF exerts any effect on
renal tubular cells via RNA-seq analysis. GSVA analysis
highlighted a number of pathways were up-regulated by
LIF including SHH, JAK-STAT3, Notch and TGF-p1
signaling, whereas, fatty acid metabolism and oxidative
phosphorylation were downregulated in LIF-treated cells
(Fig. 4a). Western blotting revealed that LIF induced the
protein level of a-SMA, Fibronectin, COL1A1, and TNC
in primary renal tubular cells (Fig. 4b and c). These data
indicated that LIF promotes pro-fibrotic response in
renal tubular cells.

Renal tubule-derived SHH augments LIF expression
in fibroblasts
Previous study showed that injured tubule-derived Sonic
Hedgehog (SHH) activates fibroblasts,” suggesting that
LIF-SHH signaling might mediate a crosstalk between
fibroblasts and renal tubular cells. To address this issue,
we validated LIF-upregulated SHH in primary renal
tubular cells by real time PCR and western blotting
(Fig. 5a—c). Previous studies reported that EGR1 is the
downstream target of LIF-STAT3 signaling and ERK
signaling.”**” Accordingly, depletion of LIFR or EGR1
by siRNA diminished LIF-augmented SHH expression,
indicating that SHH is a downstream target of LIF-
LIFR-EGR1 axis in renal tubular cells (Fig. 5d-g).
Next, we incubated NRK49F cells with SHH. Both
mRNA and protein levels of LIF were elevated by SHH
(Fig. 5h—j). Surprisingly, cyclopamine (CPN), an inhibitor
of the canonical SHH pathway, did not block SHH-
stimulated LIF expression. As the positive control, CPN
abolished the expression of Glil, a classic target gene of

SHH (Supplementary Fig. S6), suggesting that SHH
upregulates LIF expression via a non-canonical pathway. By
searching Harmonizome database (https://maayanlab.
cloud),”® we found that EGR1 is a potential transcription
factor regulating LIF expression. Western blotting revealed
that SHH wupregulated EGR1 expression in a dose-
dependent manner (Fig. 5k and 1). As expected, SHH-
augmented LIF expression was dramatically inhibited
when EGR1 was silenced by siRNA (Fig. 5m and n).
Collectively, these data indicated that fibroblasts-derived
LIF augment SHH expression in renal tubules. In turn,
renal tubule-derived SHH augments LIF expression in fi-
broblasts and initiates fibroblasts activation. LIF-SHH
signaling mediates a crosstalk between fibroblasts and
renal tubular cells to boost pro-fibrotic response.

Upstream regulators of LIF expression in fibroblasts
Since EGR1 is the downstream target of ERK signaling
and STAT3 signaling,” we sought LIF expression
might be up-regulated by an autocrine pathway in
fibroblasts. As expected, when NRK49F cells were
incubated with indicated concentration of LIF for 24 h,
both mRNA and protein level of LIF was increased in a
dose-dependent manner (Fig. 6a—c). In addition, EGR1
was upregulated in a dose-dependent manner by LIF
(Fig. 6b and c). When endogenous EGR1 was silenced
by siRNA, LIF-augmented LIF expression was abolished
(Fig. 6d and e). Since OSM could induce the expression
of EGR1," it might also upregulate LIF. Real-time PCR
showed OSM, but not IL11, upregulate Lif in NRK49F
(Fig. 6f). OSM also upregulated the expression of 111
and II6 in NRK49F but not NRK52E (Supplementary
Fig. S7a and b). Cxcl14 was used as a positive con-
trol.”* Meanwhile LIF increased the expression of Lif,
1111 and Osm (Supplementary Fig. S7c and d).

Fig. 3: LIF promoted proliferation, activation of rat fibroblasts through ERK1/2 and STAT3 pathway. (a) NRK49F cells were incubated with
LIF (6 ng/ml or 12 ng/ml) for 24 h or 48 h, and then cell numbers were counted. *P < 0.05, *P < 0.01 versus controls (n = 3). (b and ¢)
Representative micrographs of BrdU incorporation and quantitative determination of the percentage of BrdU-positive cells. Arrows indicate
BrdU-positive cells. Scale bar, 100 pm. *P < 0.05, *P < 0.01 versus controls (n = 3). (d and e) Western blot analyses (d) and quantitative data (e)
showed that LIF upregulated the expression of proliferation and activation-related proteins in fibroblasts in a dose-dependent manner. NRK49F
cells were incubated with indicated concentrations of LIF for 48 h. Cell lysates were subjected to Western blot analysis for c-Myc, Cyclin-D1,
a-SMA, TNC, Fibronectin, and COL1A1. B-actin was used to verify equivalent loading. *P < 0.05, *P < 0.01 versus controls (n = 4). (f and
g) Representative Western blot (f) and quantitative data (g) showed that LIF induced phosphorylation of ERK1/2 in a dose-dependent manner.
NRK49F cells were treated with indicated concentration of LIF for 30 min. *P < 0.05, *P < 0.01 versus controls (n = 4). (h and i) NRK49F cells
were treated with gradient concentration of LIF for 2 h. Representative Western blot (h) and quantitative data (i) showed that LIF induced
phosphorylation of STAT3 in a dose-dependent manner. *P < 0.05, *P < 0.01 versus controls (n = 4). (j and k) Representative Western blot (j)
and quantitative data (k) showed that blockade of Mek1/ERK1/2 or STAT3 signaling abolished LIF-induced fibroblast proliferation and acti-
vation. NRK49F cells were pretreated with specific MEK1 and MEK2 inhibitor U0126 (10 pM) or STAT3 inhibitor stattic (10 pM) for 30 min
followed by incubation with LIF (6 ng/ml) or vehicle for 24 h. Cell lysates were subjected to Western blot analyses for c-Myc, Cyclin-D1, TNC,
Fibronectin, and COL1A1. *P < 0.05, *P < 0.01 versus LIF alone (n = 4). (I) Real-time PCR analysis showed blockade of Mek1/ERK1/2 or STAT3
signaling reduced LIF-induced expression of pro-inflammatory cytokines in fibroblasts. NRK49F cells were pretreated with specific MEK1 and
MEK2 inhibitor U0126 (10 pM) or STAT3 inhibitor stattic (10 uM) for 30 min, followed by incubation with LIF or vehicle for 24 h. Relative
mRNA levels are reported after normalization with GAPDH. *P < 0.05, *P < 0.01 versus LIF alone (n = 3). Data were expressed as means + SD.
P values were determined by Student’s t-test in (c) or one-way ANOVA (Least-Significant Difference test or Dunnett’s T3 test) in (a), (e), (g), (i),
(k) and ().
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Fig. 4: LIF promotes pro-fibrotic response in renal tubular cells. (a) Top enriched hallmark pathways identified by GSVA. The R package limma
(3.46.0) was used for pathways differential expression analysis between two groups. (b and c) Representative Western blot (b) and quantitative
data (c) showed LIF upregulated the expression of Fibronectin, TNC, COL1A1 and a-SMA in primary renal tubular epithelial cells in a dose-
dependent manner. *P < 0.05, *P < 0.01 versus controls (n = 4). One-way ANOVAs (Least-Significant Difference test or Dunnett's T3 test)
n (c) was used for determining the P values while comparing between each pair of groups, respectively.

To further explore other upstream regulators of LIF
expression, we stimulated NRK49F cells with a range of
pro-fibrotic and pro-inflammatory factors. As shown in
Fig. 6g, TNF-a, TGF-f1 and Angiotensin II (Ang II)
upregulated Lif expression. Among them, TGF-f1 is the
most powerful one. TGF-1 increased the mRNA and
protein level of LIF in a dose-dependent manner
(Fig. 6h—j). ELISA revealed that TGF-f1 increased the
concentration of LIF protein in the supernatant of
NRK49F cells (Fig. 6k).

Ectopic expression of LIF aggregates TIF induced by
uuo

To further investigate the potential fibrogenic role of
LIF, we developed a lentivirus construct containing
GFP-labeled LIF (lenti-GFP-LIF), and then injected it
into renal parenchyma. Four days after injection, UUO
was conducted and mice were sacrificed at days 7 post-
UUO operation (Fig. 7a). The higher amount of LIF in
lenti-GFP-LIF-injected kidneys was confirmed by
frozen-section, real time PCR and western blotting
(Fig. 7b—e). Masson trichrome and Sirius red staining
showed that ectopic renal LIF expression augmented
ECM deposition (Fig. 7f and g). Western blotting
confirmed higher expression of a-SMA, COL1A1, TNC,

Fibronectin, SHH and EGR1 (Fig. 7h and i) and
heightened activation of STAT3 and ERK pathways
(Fig. 7j and k). Real time-PCR showed that LIF over-
expression enhanced UUO-induced expression of
inflammatory cytokines such as Ccl2, Tnf, 1111, and 111,
as well as Kim-1 and Shh (Fig. 7). Collectively, these
data indicated that LIF overexpression exacerbated
fibrotic lesion, inflammation and tubular cells injury
induced by UUO.

Knockdown of LIFR ameliorates TIF induced by UUO
Next, we examined whether knockdown of LIFR affects
the progression of TIF. LIFR was ubiquitously expressed
in variety of cells (Fig. 1h and j). We therefore developed
a lentivirus construct containing mouse LIFR-shRNA,
and then injected it into renal parenchyma to wide-
spread knock down LIFR in the kidney 4 days before
UUO surgery (Fig. 8a). Knocking down LIFR dramati-
cally decreased the mRNA and protein level of LIFR in
UUO kidneys (Fig. 8b-d). Masson’s trichrome and
Sirius red staining indicated that knockdown of LIFR
reduced interstitial ECM deposition induced by UUO
(Fig. 8e and f). Western blot analyses confirmed the
reduced protein level of TNC, Fibronectin, a-SMA,
COL1A1, SHH, and EGR1 (Fig. 8g and h). Besides, the
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Fig. 5: LIF and SHH mediated the crosstalk between fibroblasts and renal tubular cells. (a) Quantitative real-time PCR showed the mRNA
level of Shh induced by LIF (6 ng/ml, 24 h) in primary renal tubular epithelial cells, normalized with gapdh. *P < 0.01 versus control (n = 3). (b
and c) Representative Western blot (b) and quantitative data (c) showed LIF upregulated the expression of SHH in primary renal tubular
epithelial cells in a dose-dependent manner. *P < 0.05, *P < 0.01 versus controls (n = 4). (d and e) Representative Western blot (d) and
quantitative data (e) showed silencing LIFR abolished LIF-induced SHH expression in NRK52E cells. NRK52E cells were transfected with scramble
siRNA or siLIFR respectively, and then treated with 12 ng/ml LIF for 72 h. *P < 0.05, *P < 0.01 versus scramble siRNA + LIF (n = 4). (f and g)
Representative Western blot (f) and quantitative data (g) showed silencing EGR1 abolished LIF-induced SHH expression in NRK52E cells. NRK52E
cells were transfected with scramble siRNA or siEGR1 respectively, and then treated with 12 ng/ml LIF for 72 h. (h) Quantitative real-time PCR
showed that SHH (50 ng/ml, 24 h) upregulated the mRNA level of Lif in NRK49F cells. *P < 0.01 versus control (n = 4). (i and j) Representative
Western blot (i) and quantitative data (j) showed that SHH (50 ng/ml, 24 h) increased the protein level of LIF in NRK49F cells. *P < 0.01 versus
control (n = 4). (k and ) Western blot analyses (k) and quantitative data (I) showed the upregulation of EGR1 by SHH in NRK49F cells. *P < 0.01
versus controls (n = 4). (m and n) Western blot (m) and quantitative data (n) showed SHH-induced LIF expression was attenuated by EGR1
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levels of p-STAT3 and p-ERK were significantly = downregulated by LIFR knockdown (Fig. 8k). These re-
decreased (Fig. 8i and j). As expected, the expression  sults indicated that LIF-LIFR axis plays a pro-fibrotic role
of Il18, II11, Ccl2, Tnf and Lif were significantly  in TIF.
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controls after normalization with gapdh, respectively. *P < 0.01 versus controls (n = 4). (h) The mRNA level of Lif were induced by TGF-p1
induced LIF expression in a dose-dependent manner in NRK49F cells. *P < 0.01 versus controls (n = 4). (i and j) Western blotting Representative
Western blot (i) and quantitative data (j) showed that the protein level of LIF were induced by TGF-p1 in a dose-dependent manner in NRK49F
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(k) or one-way ANOVAs (Least-Significant Difference test or Dunnett's T3 test) in (a), (c), (e), (h) and (j) was used for determining the P values

while comparing between each pair of groups, respectively.

Therapeutic targeting LIF prevents TIF

We next investigated whether LIF in the kidney can be
targeted therapeutically by a LIF-neutralizing antibody.
Male BALB/C mice were subjected to UUO operation.
To avoid acute-phase response, a LIF-neutralizing anti-
body was given via daily tail intravenous injection since
day 3 after UUO (Fig. 9a). Masson’s trichrome staining
revealed that administration of LIF-neutralizing anti-
body dramatically reduced renal fibrotic lesions on day
14 after UUO (Fig. 9b and c). Western blot analyses
confirmed reduced protein level of a-SMA, COL1A1,
Fibronectin, TNC, EGR1 and SHH in LIF-neutralizing
antibody-treated mice, together with attenuated activation

of STAT3 and ERK pathways (Fig. 9d-g). In addition,
UUO-induced expression of pro-inflammatory cytokines,
including Tnf, Ccl2, 111 and Il was significantly
inhibited by LIF-neutralizing antibody (Fig. 9h).

To further confirm the protective effect of LIF-
neutralizing antibody on the progression of TIF, we
constructed a different model of renal fibrosis induced
by unilateral ischemia reperfusion injury (UIRI), which
is more consistent with the clinical pathological process.
Male C57BL/6 mice were subjected to UIRI. To avoid
the acute phase effect, the LIF-neutralizing antibody was
given via daily tail intravenous injection since day 6 after
operation (Supplementary Fig. S8a). Serum creatinine

www.thelancet.com Vol 86 December, 2022


www.thelancet.com/digital-health

Articles

a% |
& &£

Day 1: Day 4: Day 11:
Lentivirus injection UUO model construction Sacrifice mice
c d e
250 UuoT7d+ UuOoT7d+ 1 .
. Sham _Lenti-GFP-NC _Lenti-GFP-LIF +
5200 #OH2 #3 #1 #2 #3 HM #2 #3 %, o
3 %150 - ] . 5
g < : LIF| - .l . 3% T
L2100 ! . Le E
£ 50 . GAPDHl_____ = ‘l‘és .
0 . o ==
¢ Sham e Sham
= UUOT7d-Lenti-GFP-NC = UUOT7d-Lenti-GFP-NC
= UUOT7d-Lenti-GFP-LIF = UUOT7d-Lenti-GFP-LIF
15 B 5, N
o~ M
3 9 . 58 :
c 2 2
g = - 2 10
a8 o=
§a s 28
22 l?'q g4 0
52
0
-UUO7d+Lenti-GFP-NC +UUO7d+Lenti-GFP-NC
=UUO7d+Lenti-GFP-LIF «UUO7d+Lenti-GFP-LIF
h i
uuo7d+ Uuo7d+
Sham_| enti-GFP-NC Lenti-GFP-LIF 30, #
H#2 #3 #1 #2 #3 #1 #2 #3 . ' Sham )
Fibronectin 245 25 . 3 UUO7d+Lenti-GFP-NC
S 20 e 3 UUO7d+Lenti-GFP-LIF
TNC T mme 2
] 180 §15
COL1A1 h-—--l..hso 3 ]8
c
a-SMA —- -], 22
EGR1 * T B 4
5
SHH lﬁ[‘z g
GAPDH | — | 35 o
°
{<\

3 Sham
3 UUO7d-Lenti-GFP-NC

600 =3 UUOTd-Lenti-GFP-LIF
uuO7d+  UUOTd+ 500 H
Sham _Lenti-GFP-NC Lenti-GFP-LIF s
H1 #2 #3 #1#D #3 M #2 #3 20 : _ 200 & .
p-ERK e w0 |2 snam 5188 "
ik = § | == uuorasLenticrr-ne 880, . ,
—p— s g
= = = =14 3" ulordrlenti-GFPLIF g 0 " :
s & 0] |-l-‘
p'STAT3| -e ....Lm 810 . . :g cﬁ.‘ : :
: i .
< 8 .
STATalnz—nunnnu |—70 g, . 19
Iy 6 4
| - | 9 "}I . 4 3
GAPGH - 41 ; .
| f3s5 1T pown| 2] . |
. . N :
p-ERK/ERK p-STAT3/STAT3 & ¢ e S
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levels and Masson’s trichrome staining revealed that
anti-LIF treatment attenuated the decline of renal
function, and reduced ECM deposition at 12 days after
UIRI (Supplementary Fig. S8b—d). Consistent with his-
tologic data, neutralization of LIF reduced the produc-
tion of a-SMA, COL1A1, Fibronectin, TNC, EGR1 and
SHH protein, together with reduced p-STAT3 and
p-ERK (Supplementary Fig. S8e-h). Meanwhile, UIRI-
induced expressions of Tnf, Ccl2, Il11 and Il18 were
diminished (Supplementary Fig. S8i).

LIF promoted macrophage infiltration and induced
M2 macrophages polarization

Given the critical role of macrophages in the progression
of renal fibrosis,*> we tested whether LIF could influence
infiltration and activation of macrophages. As shown in
Fig. 10a, TGF-p1 significantly upregulated LIF expression
in bone marrow-derived macrophages (BMDMs). On the
other hand, when BMDMs were stimulated with LIF
(24 ng/ml) for 48 h, LIF directly affects the polarization of
macrophages to M2 phenotype, which is characterized by
down-regulation of Nos2, Cxcl10 and Cxcl9 and up-
regulation of Argl, Cd206 and I110 (Fig. 10b). Similarly,
flow cytometry analysis showed increased percentage of
CD206 positive macrophages and decreased percentage
of CD86 positive macrophages (Fig. 10c and d). These
data suggest that LIF promotes macrophage phenotype
transition toward pro-fibrotic phenotype. Furthermore,
we examined the infiltration of macrophages (F4/80) and
M2 macrophages (CD206) in LIF-overexpressed UUO
kidney by immunohistochemistry staining. The infiltra-
tion of macrophages and M2 macrophages were signifi-
cantly increased (Fig. 10e and h). As expected, the
infiltration of macrophages and M2 macrophages was
decreased in mice treated with anti-LIF antibody (Fig. 10f,
g and h).

Discussion

Accumulating literatures have reported the increased
level of various IL6 family members, especially IL6, in
the serum, urine or renal tissues of CKD patients.
However, few have compared the expression of IL6
family members in the same cohort of patients. In the
current study, we systemically evaluated the expression
of all IL6 family members in both mouse and human

fibrotic renal lesions. First of all, the expression of IL6
family members was examined in two preclinical animal
models of TIF. To our surprise, LIF upregulation was
most dramatic among IL6 family members. Further-
more, the highest expression of renal LIF was detected
in various CKD biopsy specimens including IgAN,
FSGS and diabetic nephropathy. The mRNA level of LIF
significantly correlated with the decline of eGFR and the
severity of TIF (Oxford MEST-T grade of IgAN).
Importantly, in the prospective cohort, urinary LIF,
measured at the time of baseline, predicted the risk of
CKD progression to ESRD. These data, indicated that
elevated LIF might play a pathogenic role in TIF. This
hypothesis was further supported by the following
experimental findings: ectopic expression of LIF in
kidney aggregated TIF induced by UUO. While,
knockdown of LIFR ameliorated TIF induced by UUO.
Consistent with our finding, the pro-fibrotic effect of LIF
has been reported in other organs. First, higher LIF
expression was detected in myocyte of failing canine
heart, and left ventricle of heart failure patients.***
Heart-specific overexpression of LIF caused cardiac hy-
pertrophy.” Second, transgenic mice expressing LIF
from the insulin promoter displayed considerable
interstitial fibrosis throughout the pancreas.”*” How-
ever, in the case of TIF, the results are still controversial.
Matsumto et al.*® reported that subcapsular adminis-
tration of LIF did not obviously affect the degree of TIF
in both UUO and folic acid nephropathy models. To
address this difference, we measured the concentration
of LIF in the fibrotic renal tissues by ELISA. The con-
centration of LIF was around 890 pg/ml on day 7 after
UUO (Supplementary Fig. S9). Whereas, the amount of
LIF administrated by Matsumoto et al. was 100 pg/
kidney, which might not be enough to achieve any
obvious effect. On the other hand, LIF is reported to
promote tubular regeneration after acute kidney injury
(AKI).” We analyzed the published snRNA-seq dataset
of fibrotic kidney from mice 14 days after UUO,” and
found that LIF expressed in proliferous proximal tubular
cells (Fig. 1g), suggesting that LIF might be implicated
in renal tubular proliferation after renal injury. To
explore the possible mechanism, we analyzed bulk
RNA-seq data of LIF-treated primary PTECs. Compared
with control, both Rspo3, an exocrine protein activating
canonical Wnt signaling,”” and Wnt 10 were signifi-
cantly upregulated by LIF (Supplementary Fig. S10).

showed. (f and g) Representative images of H&E, Masson trichrome and Sirius red staining of renal cortex at day 7 after UUO in three groups (f)
and quantitative analysis of fibrotic area (g). Scale bar, 50 pm. (h and i) Western blotting showed the protein levels of TNC, Fibronectin,
COL1A1, a-SMA, EGR1, SHH at day 7 after UUO. Representative Western blot (h) and quantitative data (i) are showed. (j and k) The protein
levels of p-ERK, ERK, p-STAT3 and STAT3 were assessed by Western blot analyses at day 7 after UUO. Representative Western blot (j) and
quantitative data (k) are showed. (I) Real-time PCR showed the mRNA levels of 111, 111, Ccl2, Tnf, Kim-1 and Shh at day 7 after UUO. Data were
expressed as means + SD. Student’s t-test in (g) or one-way ANOVAs (Least-Significant Difference test or Dunnett’s T3 test) in (c), (e), (i), (k)
and (I) was used for determining the P values while comparing between each pair of groups, respectively, *P < 0.05, *P < 0.01 versus UUO 7day-

lenti-GFP-NC (n = 6).
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Since Wnt signaling promotes renal tubular cells pro-
liferation during acute kidney injury (AKI), it is possible
that LIF modulated Rspo 3 expression to activate Wnt
signaling and promote injured tubular epithelial cells
proliferation during AKI. However, sustained activation
of Wnt signaling contributes to the pathogenesis of
renal fibrosis.”"” Yu et al.” reported attenuated TIF in
mice given LIF since day 1 after UUO. Since LIF pro-
motes tubular regeneration after AKI, administration of
LIF on Day 1 might attenuate acute renal tubular injury
leading to reduced TIF later. In the current study, to
avoid acute-phase response, a LIF-neutralizing antibody
was given since day 3 after UUO, and attenuated TIF
was observed on day 14 after UUO. Similarly, to avoid
the increase of LIF during acute phase of UUO opera-
tion, we chose lentivirus system to overexpress LIF in
renal parenchyma since the gene delivered by lentivirus
could be slightly detected on day 3 and reach the peak
level on day 7 after infection.” It was noteworthy that the
expression of protein lags behind the gene expression.
Collectively, these data indicate that LIF plays a pro-
fibrotic role in the progression of TIF. Noteworthy,
LIF is upregulated in human diabetic nephropathies and
FSGS (Fig. 2e). Meanwhile LIFR is expressed in
mesangial cells and parietal epithelial cells in glomeruli
(Fig. 1j). Previous study showed that high-glucose in-
duces LIF expression in human mesangial cells,” and
activation of STAT3 signaling contributes to high-
glucose-mediated cell growth, and fibronectin synthe-
sis in mesangial cells.”” Thus, it is possible that LIF is
involved in high glucose induced mesangial cell activa-
tion via activating STAT and MAPK pathways. More-
over, it has been showed that LIF upregulated the
expression of MCP-1 in mesangial cells to promote
glomerular inflammation.”” Transgenic mice over-
expressing LIF in T lymphocytes displayed mesangial
proliferative glomerulonephritis.”® These data suggest
that persistently elevated LIF might also contribute to
the pathogenesis of glomerulosclerosis.

To explored the mechanisms driving the excess
production of LIF, we found EGR1 as a potential tran-
scription factor regulating LIF expression by searching
Harmonizome database. Furthermore, we demon-
strated that a positive feedback loop involving autocrine
LIF, LIFR, and EGR1 drives sustained LIF transcription
in fibroblasts. Consistent with previous report that

EGRI1 is a downstream target of TGF-f1, we demon-
strated that TGF-B1 potently upregulated LIF expression
in both fibroblasts and macrophages. Besides TGF-f1, a
variety of pro-fibrotic stimuli implicated in CKD
including hypoxia, oxidative stress, and PDGF, are
potent inducers of EGR1 expression,”* and might also
contribute to the persistent LIF upregulation in the
micro-environment of fibrotic lesions. On the other
hand, we showed that LIF upregulated EGR1 expression
via LIFR-ERK axis. Given the critical role of EGR1 in the
extracellular matrix production, ROS generation, and
the production of various fibrogenic growth factors and
cytokines,””*'** elevated EGR1 expression might at least
partially mediate the pro-fibrotic role of LIF.

Regarding to the mechanism by which LIF promoted
TIF, we provided evidence that LIF activated fibroblasts
via ERK and STAT3 pathway. Second, since LIFR is
expressed in renal tubular cells, we demonstrated that
LIF induced pro-fibrotic response of renal tubular cells
via activating a couple of signalings including SHH, JAK-
STAT3, Notch and TGF-p1 signaling. In turn, tubule-
derived Shh further upregulated LIF expression in fi-
broblasts. Based on the above data, we concluded that
LIF-Shh mediates a crosstalk between fibroblasts and
renal tubular cells to augment the LIF expression and the
pro-fibrotic response of both fibroblasts and renal tubular
cells. In addition, LIF significantly upregulated OSM
expression in both NRK49F and NRK52E cells
(Supplementary Fig. S7c and d), and OSM upregulated
LIF expression in NRK49F cells (Fig. 6f), suggesting that,
in fibrotic renal lesion, LIF and OSM forms another vi-
cious cycle between renal tubular cells and fibroblasts to
accelerate fibrosis progression. Besides, LIF upregulates
IL11 expression in renal fibroblasts (Supplementary
Figure 7c), suggesting that upregulation of IL11 and
OSM also contributes to the pro-fibrotic role of LIF in
TIF. Together with previous finding that OSM upregu-
lates IL11 expression in cardiac fibroblasts® and LIF
upregulates IL11 in synovial fibroblasts,* OSM, LIF and
IL11 might play a critical role in organ fibrosis.

There are limitations in our study. To evaluate the pro-
fibrotic role of LIF, transgenic mice or knockout mice
could provide more convincing evidence. However, LIFR
deficient mice die perinatally due to pleiotropic defects
including urinary tract malformations.* Second, specific
depleting LIFR in renal tubules or fibroblasts might not

Fig. 8: Knocking down LIFR ameliorated renal fibrotic lesions induced by UUO. (a) Schematic diagram of the experimental design. (b) Real-
time PCR showed the mRNA levels of Lifr at day 10 after UUO. (c and d) Representative Western blot (c) and quantitative data (d) showed the
protein level of LIFR at day 10 after UUO. (e and f) Representative images of H&E, Masson trichrome and Sirius red staining of renal cortex at
day 10 after UUO in three groups (e) and quantitative analyses of fibrotic area (f). Scale bar, 50 pm. (g and h) Representative Western blot (g)
and quantitative data (h) showed the protein levels of TNC, Fibronectin, COL1A1, a-SMA, EGR1, SHH at day 10 after UUO. (i and j) Repre-
sentative Western blot (i) and quantitative data (j) showed the protein levels of p-ERK, ERK, p-STAT3 and STAT3 at day 10 after UUO. (k) Real-
time PCR showed the mRNA levels of I11, I111, Ccl2, Tnf and Lif at day 10 after UUO. Data were expressed as means + SD. Student's t-test in (f)
or one-way ANOVAs (Least-Significant Difference test or Dunnett’s T3 test) in (b), (d), (h), (j) and (k) was used for determining the P values
while comparing between each pair of groups, respectively, P < 0.05, *P < 0.01 versus UUO10day+Lenti-Ctrl-shR (n = 6).
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Fig. 9: Neutralizing LIF antibody attenuated renal fibrosis induced by UUO. (a) Schematic diagram of the experimental design. (b and c)
Representative images of H&E, Masson trichrome and Sirius red staining of renal cortex at day 14 after UUO in three groups (b) and quantitative
analyses of fibrotic area (c). Scale bar, 50 pm. (d and e) Representative Western blot (d) and quantitative data (e) showed the protein levels of
TNC, Fibronectin, COL1A1, a-SMA, EGR1and SHH at day 14 after UUO. (f and g) Representative Western blot (f) and quantitative data (g)
showed the protein levels of p-ERK, ERK, p-STAT3 and STAT3 at day 14 after UUO. (h) Real-time PCR showed the mRNA levels of 111, 1111, Ccl2
and Tnf at day 14 after UUO. Data were expressed as means + SD. Student's t-test in (c) or one-way ANOVAs (Least-Significant Difference test
or Dunnett's T3 test) in (e), (g) and (h) was used for determining the P values while comparing between each pair of groups, respectively,
*P < 0.05, *P < 0.01 versus UUO14day-IgG (n = 6).
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Fig. 10: LIF promoted macrophage infiltration and induced M2 macrophages polarization. (a) BMDMs were treated with TGF-p1 (8 ng/ml),
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be able to reduce TIF significantly since LIFR is broadly
expressed in variety of cells. Third, LIF knockout mice
showed neurological and endocrine system abnormal-
ities.***” In addition, since LIF is involved in kidney
development,* certain renal cell-specific LIF knockout
might display kidney developmental defect. Based on the
above reasons, we chose to inject LIFR-shRNA lentivirus
into renal parenchyma to block the pro-fibrotic effect of
LIF in vivo. To evaluate the effect of LIF overexpression
on TIF, we injected lenti-GFP-LIF lentivirus to increase
LIF concentration in renal parenchyma of UUO mice. In
the future, fibroblast-specific LIF transgenic mice would
be necessary to evaluate whether LIF overexpression
could directly induce TIF in normal kidneys. Finally, in
the prospective cohort of CKD patients (N = 362), we
found that baseline uLIF levels could predict the risk of
CKD progression to ESRD. However, the P value was
barely statistically different (P = 0.07 by log-rank test) in
patients with overt proteinuria (>1.0 g/d) because the
sample size of CKD patients with overt proteinuria in our
cohort is relatively small (n =105, 35 patients per tertile of
uLIF). Future larger prospective cohort study in patients
with overt proteinuria and longer follow up is warrant. In
addition, our prospective study population was Chinese.
Further studies are needed to investigate whether
uLIF could predict the risk of CKD progression in other
races.

CKD is a progressive disease, associated with path-
ological accumulation of myofibroblasts that secrete
ECM, leading to decline of renal function, and, ulti-
mately, end stage renal failure. Clinically, there are no
effective therapies to prevent or slow the progression of
CKD. Therefore, it is imperative to discover therapeutic
targets. Here, we showed that excess production of LIF
by activated renal interstitial fibroblast is a robust
feature of CKD, and inhibition of LIF signaling was
effective in reducing TIF. LIF utilizes a receptor com-
plex that consists of the LIFR and gp130 which is also
used by CNTF, OSM, CT1 and CLCF1. Moreover, LIFR
is broadly expressed in a number of different organs.”
In addition, LIF is not expressed at detectable amounts
in healthy adult tissues. Therefore, we assume that LIF
is a more specific therapeutic target than LIFR. LIF
knockout mice have a rather restricted set of development
defects including loss of female fertility, endocrine sys-
tem abnormalities and defects in some neurons and glial
populations, and do not suffer from infections, cardio-
vascular disease, or cancer.'>**>° On the other hand, LIF
is overexpressed and exerts an oncogenic function in
many types of solid tumors.”** Therefore, targeting LIF
is not expected to be associated with serious side effects.

It has been reported that a humanized anti-LIF antibody
(MSC-1) was tested in a phase I clinical trial and was
found to be safe and tolerated at doses from 75 to 1500
mg in patients with advanced solid tumors (Clinical-
Trials.gov, NCT03490669). The most common treatment-
related adverse events are fatigue and nausea.” It is
possible that MSC-1 is a therapeutic candidate for CKD
patients. Besides, a couple of small molecules targeting
LIF/LIFR axis including EC330, EC357, EC363 have been
developed (US patent 10,053,485). It is necessary to
examine their therapeutic effect on TIF.”

Collectively, we propose that LIF is a critical mole-
cule in driving TIF and a potential therapeutic target of
CKD. In the current study, we proved that anti-LIF
antibody is effective in attenuating TIF.
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