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ABSRACT

A study on the pathogenesis of
renal fibrosis by Siglec-F-expressing

neutrophils

Seungwon Ryu
Department of Biomedical Sciences

Seoul National University Graduate School

Renal injury caused by various conditions usually accompany inflammation.
Immune cells from both innate and adaptive immunity contribute to the pathogenic
mechanisms of the renal diseases. Chronic unresolved inflammation leads to the
renal fibrosis, which is the replacement of the functional tissues with extracellular
matrix (ECM) proteins. Because even non-immune mediated renal fibrosis
accompanies inflammation, the inflammatory processes are thought to be an
important factor in the development of renal fibrosis. Loss of renal function
accompanied by the fibrotic changes is generally regarded as irreversible changes.
Therefore, the management of underlying renal disease is the key strategy to
prevent their progression to renal failure. Given the need for new treatment
approaches to manage renal fibrosis, it is crucial to comprehend the
pathophysiology of the renal inflammation and/or fibrosis. Until now, most of

studies on renal inflammation and fibrosis have been focused on few immune cells
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including T cells and macrophages. However, the landscape of renal immune cells
is discovered to include various minor innate immune cells.

In this thesis, I aimed to identify the key immune cells involved in the
development of renal fibrosis mediated by inflammatory processes (Ryu et al. J
Clin Invest. 2022"). T discovered that neutrophils were the predominant immune
cells in the injured renal tissue caused by unilateral ureteral obstruction (UUO)-
induced renal fibrosis model. Abut half of neutrophils that developed in the UUO
model expressed Siglec-F, a protein that is normally expressed by eosinophils.
Through adoptively transferring and depleting Siglec-F-expressing neutrophils, I
demonstrated that Siglec-F" neutrophils have made a vital role in the development
of renal fibrosis. Using intravascular labeling of leukocytes, I found that the
development of Siglec-F" neutrophils was from the infiltrating conventional
neutrophils during the injury. Additionally, TGF-B1 and GM-CSF increased during
the inflammation and fibrosis were the factor in charge of the conversion of the
conventional neutrophils to the Siglec-F" neutrophils. The mechanisms underlying
the function of Siglec-F* neutrophils in renal fibrosis were dissected in detail,
focusing on their direct and indirect contributions to renal fibrosis. First, the
indirect contribution was identified from the activation of fibroblasts when
cocultured with Siglec-F* neutrophils, which was derived from the soluble
mediators TGF-B1, TNF-a, and IL-1B from Siglec-F" neutrophils. Additionally, I
discovered that Siglec-F* neutrophils were directly implicated in renal fibrosis via
ECM production, especially Collagen 1. These findings demonstrated that the
Siglec-F" neutrophils generated during the renal injury induced progressive renal
fibrosis. In summary, I investigated the role of previously unrecognized immune

cells during the natural course of renal diseases from renal inflammation to fibrotic
¥ ¥

5 _-x--i -..;_"Z._ .I-. !. & |

-
= |



changes. It is expected that a strategy to control Siglec-F' neutrophils leads to the

development of a novel therapy for renal disorders associated with fibrosis.

Keywords: Renal inflammation, Renal fibrosis, Innate immunity, Neutrophil

Student Number: 2017-39911

* This study included data previously published in The Journal of Clinical

Investigation (2022).
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INTRODUCTION

1. Renal inflammation and fibrosis

Renal fibrosis is the pathological process of accumulation of extracellular
matrix (ECM) proteins in the parenchyma that affects the renal function during
renal injuries. Fibrotic change is a typical manifestation of end-stage of a variety of
progressive renal diseases. Chronic kidney disease (CKD) is a chronic condition
with progressive decrease of renal function that affects approximately 10% of the
general population® 3. While hypertension and diabetes are major risk factors of
CKD, additional underlying causes such as infection and autoimmune-mediated
glomerulonephritis (e.g., lupus nephritis) can contribute to the progressive loss of
renal function. Currently, the best therapeutic approaches would be to address these
underlying disorders. Because the development of fibrosis usually results in
irreversible impairment of renal function, those individuals will eventually proceed
to end-stage renal disease (ESRD) requiring renal replacement therapy (RRT) or
transplantation. Because RRT is not a cure but is extremely demanding for patients,
numerous efforts have been made to find a new therapeutic strategy for progression
or prevention of ESRD* 3.

Inflammation is commonly found in various renal diseases which lead to the
renal fibrosis. It has long been recognized that inflammation has a role in the
progression of renal fibrosis® 7. Chronic inflammation is a common finding of
CKD, regardless of the etiology. It has long been recognized that inflammation has
a role in the development of renal fibrosis. The presence of elevated cytokines and

chemokines in patients demonstrates the inflammatory nature of CKD?® *'°, Various
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noxious stimuli, including autoantibodies, toxins, ischemia, and hemodynamic
disturbances, activate non-immune cells during the development of renal damage.
Endothelial cells, mesangial cells, podocytes, and tubular epithelial cells are all
included in the non-immune, intrinsic renal cells. They actively contribute to renal
inflammation by generating profibrotic cytokines (TGF-f1, IL-1, IL-4, and IL-6)
and growth factors (PDGF and FGF-2). Several studies have shown that when
renal cells die, they release damage-associated molecular patterns (DAMPs), which
trigger the infiltration of innate immune cells, particularly neutrophils and
macrophages ' 12 13, While the pathogenic role of neutrophils in renal fibrosis
remains poorly understood, it is possible that these cells directly injure kidney cells
by releasing reactive oxygen species and granule contents 4. They may also
indirectly damage renal cells by producing abundant levels of pro-inflammatory

15, When injuries are

mediators that attract and activate other immune cells
sustained over an extended period of time, fibrotic mediators accelerate improper

tissue regeneration, resulting in an abnormal accumulation of extracellular matrix,

leading to the renal fibrosis'® ! (Figure 1).
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Figure 1. Mechanism of renal inflammation and fibrosis.

Fibrosis occurs in the glomerulus (glomerulosclerosis) and/or tubulointerstitium

(tubulointerstitial fibrosis) of the kidney. Different noxious stimuli to the renal

tissue initiate the inflammatory cascade, which involves the release of cytokines,

chemokines, and growth factors by immune and non-immune cells. The release of

ECM proteins plays a role in the development of fibrotic tissue changes and kidney

failure. (This figure was adapted and modified from Meng et al. Nat Rev Nephrol.

2014°, and created with Biorender.com.)
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2. Neutrophil heterogeneity and Siglec-F™ neutrophils

Neutrophils comprise the majority of myeloid populations, which are rapid
responders to tissue injuries'® . Differentiated from the bone marrow progenitors,
the circulating neutrophils are infiltrated into the inflamed tissues. The primary role
of neutrophils is the elimination of infection and damaged tissues. Their mode of
action includes phagocytosis, degranulation, reactive oxygen species (ROS) and
cytokine production, and the formation of neutrophil extracellular trap (NET).
Although neutrophils are essential to maintain tissue homeostasis, the uncontrolled
response of neutrophils could worsen the tissue damage.

Mouse neutrophils are identified as the CD11b" Ly-6G" myeloid cells. While
they share characteristics cell markers, the diverse subsets are derived from the
specific disease conditions®?!. Initially, the concept of pro-tumorigenic (N1) and
anti-tumorigenic (N2) neutrophils subsets was proposed, which was termed in
parallel with the M1-M2 macrophage paradigm?’. However, single-cell RNA
sequencing reveals that there are eight unique subpopulations of neutrophils in
homeostasis and infection?’. This means that, depending on the specific signals,
there may be a more diversified population. By gaining a better understanding of
neutrophil heterogeneity, it will be feasible to target certain subsets based on their
different functions in disease conditions.

In 2017, it was discovered that a novel subpopulation of neutrophils
expressing Siglec-F (Sialic acid-binding immunoglobulin-like lectin F)?*. Although
the function of Siglec-F is unknown, it has been used as a surface marker of
eosinophils?. Because the conventional methodology for defining neutrophils

using flow cytometry excludes the expression of eosinophil marker Siglec-F, the
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emergence of Siglec-F* Ly-6G" double-positive cells in the lung tumor was
unexpected?*. Examinations of morphology and expression profiles of lung cancer-
associated double-positive cells reveal that they are, in fact, neutrophils®. Apart
from tumor settings, the following investigations have demonstrated that Siglec-F*
neutrophils are generated in variety of inflammatory states, including rhinitis?’,
nasal infection?®, myocardial infarction?”3°, and asthma?' (Table 1). While they
share some properties, such as enhanced ROS production or the development of
NETs, their function appears to be context-dependent, depending on the local
tissues or disease state. Because our current understanding of Siglec-F* neutrophils
is primarily focused on the respiratory organs, further exploration of this
population in other organs is necessary, given their hitherto underappreciated role

in neutrophil-dominant inflammatory diseases.
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Table 1. Studies on Siglec-F-expressing neutrophils

Tissue Physiological role Characteristics Reference
Lung tumor Tumor promotion Expression of Science,
tumor-promoting 2017%
genes
Increased ROS
Lung tumor Tumor promotion Mature phenotype Cell Rep,
Long lived, 2020
non-proliferating
Olfactory Neuro- Expression of J Leukoc
neuroepithelium regeneration neurosupportive Biol, 2020%
genes
NET formation
Heart Inflammatory Higher phagocytic Circ Res,
during ischemic function 2020%;
heart injury Increased ROS J Am Heart
Assoc,
2021%°
Nasal Protective against NET formation Mucosal
epithelium Bordetella Immunol,
pertussis 20212
infection
Lung Inflammatory Cysteinyl J Allergy
during air- leukotriene Clin
pollutant production Immunol,
associated NET formation 20213
asthma
exacerbation
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3. Extracellular matrix in renal fibrosis

ECM supports tissue structure by connecting cells together’?. Excess ECM
accumulation, on the other hand, causes pathologic alterations in tissues known as
renal fibrosis®. Fibrosis may develop in any part of the kidney, including the
glomerulus, tubulo-interstitium, and arteries, which corresponds to
glomerulosclerosis, tubulo-interstitial fibrosis, and arteriosclerosis or perivascular
fibrosis®>. Although there are multiple pathways that cause fibrosis, TGF-B1
signaling is well-known for its roles in the fibroblast activation and increased ECM
deposition, and stiffness** 33, The significance of collagens, particularly Collagen 1,
which is the most prevalent ECM protein, has been largely proposed in renal
fibrosis®.

The ECM-producing cells are not only restricted to the fibroblasts, but many
cells could contribute to the matrix production. The primary cells responsible for
ECM synthesis differ depending on the renal compartment. In the case of tubulo-
interstitial fibrosis, which is the endpoint finding of all fibrogenic renal disorders,
fibroblasts, myofibroblasts, and pericytes are the primary producers of ECM*,
Once the fibrosis core has formed, the activated ECM-producing cells may
continue to contribute ECM even after the initial harmful stimulus has passed,
making intervention in fibrotic disorders difficult* 3,

During fibrosis, resident fibroblasts are activated to myofibroblasts. However,
it has been reported that myofibroblasts expressing o-smooth muscle actin (o-
SMA) can be originated from various cell types other than fibroblasts by the
cytokines and mechanical forces®” *%. They include pericytes, endothelial cells,

tubular epithelial cells, and bone-marrow derived cells®®. The mechanisms behind
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the conversion of each renal cells into the myofibroblasts include as follows:
pericytes via differentiation, endothelial cells via endothelial-to-mesenchymal
transition, tubular epithelial cells via epithelial-to-mesenchymal transition®’.
Fibrocytes, a circulating CD45+ bone marrow-derived cell subgroup, are an
intriguing ECM contributor. They express both myofibroblast-like markers
including a-SMA and Collagen 1, and monocyte-like markers including CD11b,
CD68, and MHC-II molecules®’. However, it is still controversial whose origin

makes the greatest contribution to the ECM deposition and renal fibrosis.
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Figure 3. Origin of extracellular matrix in renal fibrosis.

Various cell sources in the kidney have been regarded to contribute to the
production of extracellular matrix proteins, especially collagen 1. During the renal
fibrosis, myofibroblasts are the major contributor in the ECM production. However,
other non-immune cells including pericytes, endothelial and epithelial cells are also
capable of producing the ECM protein. Recently, the role of bone-marrow derived,
CD45" cells, called fibrocytes, are reported to contribute to the renal fibrosis. (This
figure was adapted and modified from Mack and Yanagita. Kidney Int. 2015%, and

created with Biorender.com).
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MATERIALS AND METHODS

Animal models

Six- to ten-week-old male C57BL/6, AdblIGATA, or Ragl-/- mice were
subjected to UUO, IRI, or sham surgery. The UUO model was established by
ligating the left ureter with 5-0 silk. Three, seven, or fourteen days after surgery,
the kidneys were removed for analysis. To develop renal ischemia-reperfusion
injury model, the left renal pedicle was clamped for30 minutes witha
microvascular clamp (Roboz Surgical Instrument). Four- or eight-weeks following
surgery, the mice were euthanized. Sham procedures were identical to UUO,
Adriamycin therapy, or IRI, with the exception that the ureter or renal artery were
not altered, or the animals received PBS instead of Adriamycin. Male BALB/c
mice were treated to either UUO surgery or Adriamycin-induced nephropathy at
the age of eight weeks. Adriamycin was injected intravenously (11.5 mg/kg mouse
weight; Tokyo Chemical Industry) to establish the Adriamycin-induced model.
Seven days after induction, the mice were euthanized. All wild-type mice were
purchased from Koatech. The Jackson Laboratory supplied the Ragl-/- [B6.129S7-
Rag1™™"/J] and AdbIGATA [B6.129S1(C)-Gatal™*"/Lvtz]] mice.

All mice in the study were housed in a pathogen-free environment at the
Seoul National University Hospital Biomedical Research Institute in Korea. All
animal research were authorized by the Institutional Animal Care and Use

Committee at Seoul National University Hospital (20-0255).
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Human samples

To assess the clinical implications of findings regarding Siglec-F*
neutrophils in the animal studies, the immune cell populations in healthy and tumor
tissues from human patients was analyzed. Seven patients at Seoul National
University Hospital who underwent nephrectomy for renal cell cancer
donated kidney tissues. The tissues were analyzed by a pathologist and classified as
normal or malignant tissue. Additionally, peripheral blood was obtained from two
healthy donors. All subjects provided written informed consent. The study protocol
was approved by the Seoul National University Hospital Institutional Review
Board (2106-081-1226). The bio-specimens were provided by the Seoul National
University Human Biobank, which is a member of the National Biobank of Korea

and is supported by the Ministry of Health and Welfare, Korea.

Histology

Formalin-fixed paraffin-embedded tissue blocks were made from mouse
kidneys or human biopsy tissues. Before staining, tissue sections (4um thick) were
prepared. The sections were stained with hematoxylin and eosin (H&E), periodic
acid-Schiff (PAS), Masson's trichrome (MT), or Sirius red for histological
investigation. Collagen 1 levels were evaluated by antigen retrieval and incubation
with COL1A1 primary antibody (1:100; Santa-Cruz) followed by horseradish
peroxidase-conjugated secondary antibodies (Cell Signaling) according to the
manufacturer's instructions. To assess fibrosis in the kidneys, 10 fields were
randomly selected and the amount of Sirius red staining and COL1A1 levels were
determined under x100 magnification. To evaluate neutrophil morphology,

3§ 53 17
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neutrophils were centrifuged using a cytocentrifuge, fixed in 100% methanol, and
stained with Diff-Quik (Sysmex) according to the manufacturer's instructions.
Histologic slides were taken and analyzed using a DM750 microscope (Leica) or
Axio Scan Z1 (Carl Zeiss) and Leica LasX software (Leica) or Zen Blue software
(Carl Zeiss). Immunofluorescence images were obtained using confocal
microscopy, FV3000 (Olympus) and analyzed with FV10-ASW 4.0 Viewer

(Olympus).

Tissue protein analysis

Radioimmunoprecipitation assay (RIPA) buffer comprising a protease
inhibitor cocktail and EDTA was used to prepare protein from kidney tissues. Total
protein was assessed using the bicinchoninic acid (BCA) assay (Thermo Fisher
Scientific) and normalized to a concentration of 1-2 mg/mL. 80 g of extracted
proteins were run on 812 percent gradient gels and transferred to Immobilon
Polyvinylidene difluoride membranes for Western blot analysis (Merck Millipore).
Immunoblotting was performed using the following antibodies: NGAL (1:100,
Santa Cruz, SC-515876), P16 (1:500, Sigma-Aldrich, LS-B5261), COLI1Al
(1:1000, Novus, NBP1-30054), a-SMA (1:1000, Abcam, ab32575), fibronectin
(1:500, Abcam, ab2413), Snail (1:400, Abcam, ab180714) (1:5000, Sigma-Aldrich,
14¢10). Gel documentation system was used to acquire the images (Gel Doc 1000,
Bio-Rad). Image] software was used to quantify protein bands from Western blots
(NIH). To identify the proinflammatory cytokines that converts conventional
neutrophils to Siglec-F* neutrophils, a bead-based immunoassay was performed

according to the manufacturer's instructions (LEGENDplex™ mouse inflammation
¥ 3
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panel and active/total TGF-B1 assay, Biolegend). The result of array was examined
using a BD LSRFortessa X-20 flow cytometer (BD Biosciences) and the

manufacturer's Legendplex web-based software (https://legendplex.qognit.com).

Human/mouse Kkidney leukocyte isolation

Whole kidneys from experimental mice were prepared in cold PBS, as
were sections of nephrectomized kidneys from patients. Using a scalpel blade,
tissues were mechanically fragmented into tiny pieces. To further disintegrate the
cells, the tissues were enzymatically digested for 45 minutes at 37°C with 1 mg/mL
collagenase IV (Worthington Biochemical) and 50 g/mL DNase I (Sigma-Aldrich).
The cells were then filtered and washed with cold PBS using 40pm strainers. After
resuspending the cell pellet in 40% Percoll solution (GE Healthcare), it was placed
on top of 80% Percoll solution. After centrifugation at 2000 rpm for 4°C, the
leukocyte layers between the two Percoll solutions were recovered. Leukocytes

were washed with PBS for further investigation.

Human neutrophil isolation from peripheral blood

Human blood was diluted to 1:1 ratio with PBS. Diluted blood was
layered on top of the Histopaque-1077 (Sigma-Aldrich) and Histopaque-1119
(Sigma-Aldrich) solutions. After centrifugation at 700xg for 4°C, the layer on top
of the bottom red fragments were recovered. Neutrophils were washed with PBS

for further investigation.
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Flow cytometric analysis and cell sorting

Mouse or human cell preparations were resuspended in PBS and treated
for 10 minutes with Zombi-Aqua viability dye (Biolegend) and mouse or human Fc
block (BD Biosciences). After the washing step, the cells were resuspended in
FACS buffer (PBS with 2% FBS) and treated for 30 minutes with the following
FITC-, PerCP-Cy5.5-, PE-Cy7-, PE-, APC-, BV421-, BV650-, or BV785-
conjugated mouse or human monoclonal antibodies. The mouse antibodies were
specific for I-Ab (AF6-120.1, Biolegend), Ly-6G (1AS8, Biolegend), Siglec-E
(M1304A01, Biolegend), CCR3 (JO73ES, Biolegend), CDIllc (HL3, BD
Biosciences), CD11b (M1/70, Biolegend), F4/80 (BMS, Biolegend), Siglec-F
(S17007L, Biolegend), CD19 (1D3, BD Biosciences), CD3e (145-2Cl11,
Biolegend), NK1.1 (PK136, Biolegend), CD8a (53-6.7, Biolegend), CD90.2 (30-
H12, Biolegend), CD25 (PC61, Biolegend), CD4 (RM4-5, Biolegend), and CD45
(30-F11, Biolegend). The human antibodies were specific for CD14 (HCD14,
Biolegend), CD15 (W6D3, Biolegend), Siglec-8 (7C9, Biolegend), CD16 (3G8,
Biolegend), and CD45 (HI30, Biolegend). For the Annexin V assays, cells were
incubated in Annexin V buffer containing Annexin V for 30 minutes and then
evaluated within 30 minutes according to the manufacturer's instructions. Cells
were fixed and permeabilized according to the manufacturer's instructions for the
proliferation and intracellular staining experiments using the eBioscience
Foxp3/Transcription factor labeling kit (Invitrogen). The cells were then stained
with Ki-67 (Biolegend), COL1A1 (polyclonal, Rockland Immunochemicals) for an
hour in Foxp3/Transcription factor staining buffer. To evaluate intracellular

cytokines, cells were restimulated for 3 hours with 100 ng/mL LPS (Merck).
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Following fixation and permeabilization with the BD Cytofix/Cytoperm kit (BD
Biosciences), the cells were treated with antibodies specific for TGF-p1 (TW7-
16B4), TNF-o (MP6-XT22, Invitrogen), and IL-1f (NJTEN3, BD Biosciences).
The BD LSRFortessa X-20 flow cytometer (BD Biosciences) was used to evaluate
the samples, and the results were analyzed using the FlowJo v10.6.1 software (BD
Biosciences). The cells were sorted using a BD FACSAria III after the staining
steps described above (BD Biosciences). The supplier was described only when it

was not from Biolegend.

Real-time quantitative PCR

TRIzol reagent (Invitrogen) was used to extract RNA from tissues or
sorted cells according to the manufacturer's instruction. Complementary DNA
(cDNA) was synthesized using the SensiFAST ¢cDNA synthesis kit from 1 ug of
RNA (Bioline). The cDNA was utilized as templates for quantitative polymerase
chain reaction (qQPCR) with the SensiFAST™ SYBR Lo-ROX or Probe Lo-ROX
kits (Bioline). gPCR was done according to the manufacturer's instructions using
the Bio-Rad CFX96™ Real-Time PCR Detection System. The expression level of
interest genes was normalized by GAPDH. All primers used in the procedures were

purchased from Integrated DNA Technologies (Table 2).
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Table 2. Primer sequences for RT-qPCR

Gene Forward primer

Reverse primer

111b TCGCTCAGGGTCACAAGAAA

CATCAGAGGCAAGGAGGAAAAC

Tnfa GGTGCCTATGTCTCAGCCTCTT

GCCATAGAACTGATGAGAGGGAG

Tefbl TTGCCGAGGGTTCCCGCTCT

CCTCCCGGGCGTCAGCACTA

Collal CCTGGTAAAGATGGTGCC

CACCAGGTTCACCTTTCGCACC
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Intravascular leukocyte labeling

To differentiate immune cells in the renal vasculatures from those in the
renal parenchyma, mice were anesthetized with isoflurane and intravascularly
injected with BV650-labeled anti-mouse CD45 monoclonal antibodies 5 minutes

before euthanasia, according to the past protocol®’.

Depletion of Siglec-F™ neutrophils

To investigate the involvement of Siglec-F" neutrophils in renal fibrosis,
UUO mice were depleted of these cells using Siglec-F or Ly-6G depletion
antibodies. Mice were intraperitoneally injected with the isotype antibody (40
g/200 L PBS; KLH, R&D Systems), the Siglec-F depletion antibody (40 g/200 L
PBS; Q920G3, R&D Systems), or the Ly-6G depletion antibody (400 g/200 L; 1AS,
BioXCell) on days 2 and 4 following UUO surgery. Flow cytometric analysis was

used to determine the extent to which the treatments depleted the cells.

Conversion of neutrophils in vitro and coculture with

fibroblasts

Using the magnetic-activated cell sorting (MACS) kit (Miltenyi Biotech)
for mouse or human neutrophils, neutrophils were concentrated from naive mouse
bone marrow or human blood. Neutrophils (1x10° cells/well) were cultured
overnight in RPMI1640 media with 10% FBS and 10 ng/mL of the recombinant
proteins 1L-23 (Biolegend), MCP-1 (Biolegend), TGF-B1 (Biolegend), and/or GM-

CSF (Biolegend). After washing the cells with PBS, the cells were examined for
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Siglec-F expression using flow cytometry and COL1A1 expression using ELISA
(Cusabio Technology) and immunofluorescence imaging.

For the co-culture experiment, 3x10° NIH3T3 fibroblasts (ATCC) per well
were plated in a 6-well plate and cultured for one day prior to co-culture in serum-
starved RPIMI 1640 medium. After priming neutrophils in vitro with TGF-B1 or
GM-CSF, they were co-cultured with fibroblasts at 1:10 ratios. After 24 hours of
co-culture, the neutrophils were washed three times with PBS and the fibroblast
lysates were used for Western blot analysis to determine the levels of COL1A1 and

o-SMA.

Adoptive transfer of Siglec-F™ neutrophils

Siglec-F" neutrophils were generated via in vitro conversion of bone
marrow derived neutrophils with TGF-B1 and GM-CSF, as described above. After
3 or 10 days of UUO, 1x10° Siglec-F' neutrophils were intravenously administered
into control or UUO mice. At day 14 of UUO, all mice were euthanized for

histological examination, Western blot, and RT-PCR.

Statistics

The results were reported as mean + standard error of the mean.
Depending on the normality, groups were compared using paired/unpaired
Student's t-test, Mann-Whitney U test, Wilcoxon rank sum test, or one-way
analysis of variance (ANOVA) followed by Dunnett's post hoc test. Pearson's or
Spearman's correlation tests were used to conduct correlation analysis on
parametric or nonparametric data, respectively. The significance level (P-value)
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was 0.05 for two-tailed tests. GraphPad Prism 9 was used for statistical analysis

(GraphPad).
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RESULTS

Neutrophils accumulate during UUO-induced renal fibrosis

The unilateral ureteral obstruction (UUO) model is induced by the
surgical ligation of the left ureter (Figure 4). It is a commonly used animal model
for CKD, in part because of its rapid induction of renal fibrosis*’. As demonstrated
by Periodic Acid Schiff, Masson's trichrome, Sirius red, and collagen type 1, alpha
1 (COL1A1) staining, it promotes both tubular cell death and renal fibrosis. These
events, in turn, result in substantial hydronephrosis and parenchymal loss in the
kidney (Figure 5). These alterations are followed by an increase in renal injury
markers throughout time, including neutrophil gelatinase-associated lipocalin-2

(NGAL), P16, a-smooth muscle actin (a-SMA), and COL1A1 (Figure 6).
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Immune cell and histologic analysis

o, ——
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Figure 4. UUO induced renal fibrosis model.

C57BL/6 mice underwent unilateral ureteral obstruction (UUO) surgery, after which
the fibrosis and immune cell profiles in the kidneys were evaluated on postoperative

days 0, 3, 7, and 14. The figure was created with icons from Biorender.com.
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Figure 5. Establishment of UUO induced renal fibrosis model shown by
histologic evaluation.

C57BL/6 mice underwent unilateral ureteral obstruction (UUO) surgery, after which
the fibrosis and immune cell profiles in the kidneys were evaluated on postoperative
days 0, 3, 7, and 14. Images of the whole harvested kidneys and Periodic Acid
Schiff (PAS), Massons’ trichrome (MT), and Sirius red staining. U: ureter, K:

kidney.
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Figure 6. Establishment of UUO induced renal fibrosis model shown by renal
injury markers.

C57BL/6 mice underwent unilateral ureteral obstruction (UUO) surgery, after which
the fibrosis and immune cell profiles in the kidneys were evaluated on postoperative
days 0, 3, 7, and 14. Evaluation of renal damage and fibrosis by Western blot
analysis NGAL, P16, a-SMA and COL1A1. All results are shown as mean = SEM
and statistical analysis was performed using one-way ANOVA test. *P<0.05;

**P<0.01; ****P<0.0001; n = 5-7 mice in each group.
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When I performed flow cytometric analyses on the immune cell profiles
of UUO-injured kidneys, I discovered that the frequency of CD45" leukocytes rose
significantly as renal fibrosis progressed (Figure 7). However, lymphocytes (the
SSCYFSC™ population) declined dramatically in frequency (Figure 8). A detailed
assessment of the CD45" leukocyte subsets revealed that T cells, B cells, natural
killer cells, and type 2 innate lymphoid cells (ILC2s) were all decreased in their
frequencies following UUO (Figures 9 amd10). By contrast, when I examined
granulocytes, I discovered that the frequency of neutrophils increased dramatically
as renal fibrosis progressed (but not of eosinophils, macrophages, or dendritic
cells) (Figure 10). Thus, because renal immune cell profiling revealed that
neutrophils are the most frequent immune cell population in kidneys with severe

fibrosis, this cell type may play a role in UUO pathogenesis.
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Figure 7. CD45" immune cell changes by UUO induced renal injury.
Frequency of CD45" leukocytes and lymphocytes during UUO induced injury were
analyzed with flow cytometry. All results are shown as mean = SEM and statistical

analysis was performed using one-way ANOVA test. *P<0.05; **P<0.01;

*%%%P<(0.0001; n = 5-7 mice in each group.

36 / -":rxi ":'l::r'

1_'_” O

51

I

1L



Eos

fAEET |
CD45 — CD1Mb— CD11b — CD11b — CD11¢c —

Siglec-F—

@

(=]

Lymphocytes
(% of CD45")
N B 8 [o:]

o

SSCA_—
d

Figure 8. Gating strategy of renal immune cells.

Profiling of renal immune cells delineated total T cells, CD4*, CD8" T cells,
regulatory T cells (CD4" CD25"), NK cells, B cells, and ILC2s (CD3" CD19
NK1.1 CD90.2* CD25") during UUO-induced renal injury. All results are shown as

mean + SEM. n = 5-7 mice in each group.
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Figure 9. Adaptive immune cell profiling of UUO-induced renal injury.

Frequencies of adaptive immune cells including T cells, CD4*, CD8" T cells,
regulatory T cells (Treg), and B cells. All results are shown as mean + SEM and
statistical analysis was performed using one-way ANOVA test. *P<0.05; **P<0.01;

*%%P<0.001; ****P<(0.0001; n = 5-7 mice in each group.
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Figure 10. Innate immune cell profiling of UUO-induced renal injury.

Frequencies of granulocytes including neutrophils, eosinophils, macrophages, DCs,
NK cells, and ILC2s. All results are shown as mean = SEM and statistical analysis
was performed using one-way ANOVA test. *P<0.05; **P<0.01; ***P<(0.001;

*4%%P<0.0001; n = 5-7 mice in each group.
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Novel Siglec-F-expressing neutrophils accumulate in UUO-
injured kidneys

When I examined the surface markers of neutrophils in fibrotic kidneys in
further detail, I discovered an unexpectedly large population of Ly-6G" neutrophils
that co-expressed the eosinophil-specific surface marker Siglec-F (Figure 11A). A
kinetic study next revealed that these Siglec-F'Ly-6G" cells were exceedingly rare
in the kidney at baseline but increased to 24 percent of CD45" leukocytes after 14
days as inflammation and fibrosis proceeded in the UUO-injured kidney (Figure
11B). Conventional neutrophils (Siglec-FLy-6G") also increased significantly
following UUO, from 5% of CD45" leukocytes at baseline to 42% at 14 days

(Figures 11B and 12). This difference was evident regardless of whether UUO was

performed on C57BL/6 or BALB/c mice (Figure 13).
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Figure 11. Emergence of Siglec-F-expressing neutrophils in fibrotic kidney.

Representative flow cytometry dot plot (A) and bar graphs showing the emergence
of Siglec-F* Ly-6G" cells during the UUO-induced injury. All results are shown as
mean = SEM and statistical analysis was performed using one-way ANOVA test.

**Pp<0.01; ***P<0.001; ****P<0.0001; n = 4-5 mice in each group.
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Figure 12. Changes in the immune cell landscapes during the UUO induced
injury.

The composition of major immune cells in kidneys was compared during the time-
course of UUO-induced injury from day O to day 14 following the surgery. All

results are shown as mean = SEM. n = 4-5 mice in each group.
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Figure 13. Emergence of Siglec-F-expressing neutrophils regardless of mouse
strains.

The Siglec-F-expressing neutrophils were identified in the BALB/c-background
fibrotic kidney. All results are shown as mean £ SEM and statistical analysis was

performed using Mann-Whitney test. ****P<0.0001; n = 5 mice in each group.
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Our phenotypic study of neutrophils revealed that both the newly
identified Siglec-F*Ly-6G* cells and conventional neutrophils displayed the
neutrophil marker Siglec-E but not the eosinophil marker CCR3, whereas
eosinophils expressed Siglec-F and CCR3 but not Siglec-E or Ly-6G (Figure 14).
Additionally, our morphological examination revealed that the new cells had
multilobulated characteristics similar to those of conventional neutrophils. Notably,
the novel population contained a greater proportion of hyper-segmented cells and
showed higher size as shown by the FSC-A (Figures 15 and 16). Notably, Ogawa
et al. demonstrated that Siglec-F* neutrophils co-express the macrophage marker
F4/80 in inflamed olfactory neuroepithelium?’. The unique cells 1 observed,
however, did not exhibit the macrophage marker F4/80, indicating they were not

contaminated with renal macrophages (Figure 17).

44 '\-.'E : ;_.._ _.:E



Eosinophils
| Al \h “
f [ | \
[\ | | Neutrophils
o / /\ A /\ 2l
ho} J | |
g1 | !
= AL / ) AN
Ly-6G iglec-E —— Siglec-F —— CCR3 —
B
= T B
[T L
s =3 =
£ o =
g g "
fny 2 %)

Figure 14. Characteristics of Siglec-F* Ly-6G* cells examined by the expression
of neutrophil and eosinophil markers.

Siglec-F* Ly-6G" cells were compared with conventional neutrophils and
eosinophils for the expression of Ly-6G, Siglec-E, Siglec-F, and CCR3. All results
are shown as mean + SEM and statistical analysis was performed using one-way
ANOVA test. ***P<0.001; ****P<0.0001; n = 5 mice in each group. ns, not

significant; MFI, mean fluorescence intensity.
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Figure 15. Comparison of morphologies between neutrophils and Siglec-F*
Ly-6G™ cells.

(A) Evaluation of the morphology of the conventional neutrophils and the novel
Siglec-F'Ly-6G" cells on day 14 by sorting and staining them with Diff-quick and

(B) counting the numbers of primitive, mature, and hypersegmented neutrophils.
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Figure 16. Comparison of FSC and SSC between neutrophils and Siglec-F*
Ly-6G™ cells.

Siglec-F* Ly-6G* cells were compared with conventional neutrophils and
eosinophils for FSC and SSC by flow cytometry. All results are shown as mean +
SEM and statistical analysis was performed using one-way ANOVA test. **P<0.01;

**+%P<(0.0001; n = 6-7 mice in each group. ns, not significant.
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Figure 17. F4/80 expression in Siglec-F'Ly-6G" cells and macrophages.
Siglec-F" Ly-6G* cells were compared with macrophages for F4/80 expression by
flow cytometry. All results are shown as mean = SEM and statistical analysis was

performed using Student’s t tests. ****P<0.0001; n = 3-5 mice in each group.
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To ascertain that the neutrophils expressing Siglec-F were indeed distinct
from eosinophils, I injected mice with recombinant IL-33 on days 0, 1, 2, and 3
following UUO (Figure 18). IL-33 induced eosinophil expansion*': if the novel
population is an eosinophil population, the treatment will result in their expansion
in the kidney. While IL-33 therapy greatly raised eosinophil frequencies, it had no
effect on the Siglec-F'Ly-6G" population (Figure 19). Furthermore, UUO could
generate the Siglec-F'Ly-6G* population in eosinophil-deficient AdbIGATA mice
(Figure 20A). On day 14, the AdbIGATA mice and their control BALB/c mice
exhibited comparable Siglec-F'Ly-6G" cell frequencies (6% vs. 4%) (Figure 20B).
Together, these findings established that Siglec-F*Ly-6G™ cells are neutrophils, but
they differ from conventional neutrophils in terms of Siglec-F expression,
hypersegmentation, size, and granularity. This population will hereafter be referred

to as Siglec-F" neutrophils.
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Figure 18. Experimental scheme of IL-33 treatment during UUO-induced renal
injury.

Mice were treated with the recombinant 1L-33 (250 ng) for four consecutive days
starting on the day of UUO surgery and analyzed on day 14. The figure was created

with icons from Biorender.com.
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Figure 19. IL-33 treatment during UUQO-induced renal injury.

Mice were treated with the recombinant 1L-33 (250 ng) for four consecutive days
starting on the day of UUO surgery and the frequencies of conventional neutrophils,
eosinophils, and novel Siglec-F'Ly-6G" cells on day 14 were determined by flow
cytometry. All results are shown as mean + SEM and statistical analysis was
performed using one-way ANOVA test. *P<0.05; ***P<(0.001; ****P<0.0001; n =

4-6 mice in each group.
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Figure 20. UUO induced renal injury in the eosinophil-deficient AdbIGATA
mice.

Eosinophil-deficient AdbIGATA mice (BALB/c background) were subjected to
UUO (A) and the conventional neutrophil and Siglec-F'Ly-6G™ cell frequencies in
the kidney on day 14 were determined by flow cytometry (B). The figure (A) was
created with icons from Biorender.com. All results are shown as mean = SEM and
statistical analysis was performed using Mann-Whitney test. **P<0.01; n = 4 mice

in each group.
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UUO-induced Siglec-F* neutrophils are localized in the
damaged kidney and arise from conventional neutrophils in

the renal vasculature

To determine the origin of the Siglec-F" neutrophils in the fibrotic kidney,
I examined the peripheral blood, spleen, bone marrow, and contralateral kidney of
sham- and UUO-induced mice. In both sham- and UUO-induced mice, Siglec-F*
neutrophils were barely detectable in peripheral blood, spleen, and bone marrow.
However, only in the injured left kidney, Siglec-F* neutrophils accounted for 15.4
percent of CD11b" myeloid cells (0.27 percent in the left kidney of the sham-
treated mice). By contrast, in UUO mice, conventional neutrophils still increased in
the peripheral blood and spleen (Figure 21). The latter observation is consistent
with the prevalent view of CKD as a systemic disease®’. As a result, I postulated
that Siglec-F* neutrophils were converted from conventional neutrophils in
inflammatory renal lesions, rather than being recruited in its mature form.

To investigate this hypothesis, I first examined the proliferation of Siglec-
F" and conventional neutrophils with Ki-67 staining. While 22% of conventional
neutrophils were proliferating at baseline, this dramatically decreased to a low of
3% on day 14. On day 7, the Siglec-F" neutrophils had a very slight increase in
proliferative activity, which thereafter declined to very low levels on day 14. Thus,
neither population exhibited a high rate of proliferation (Figure 22). Additionally, I
observed that, whereas conventional neutrophils exhibited a low but increasing
level of apoptotic activity over time, Siglec-F" neutrophils soon developed a high
level of apoptotic activity (Figure 23). These findings suggest that the increase in

the Siglec-F* neutrophil population in the damaged kidney (as shown in Figure 11)
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is due to continuous replenishment of these cells, but not from proliferating Siglec-
F* neutrophils; rather, the Siglec-F" neutrophils appear to be generated from

conventional neutrophils.
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Figure 21. Siglec-F' neutrophils localized to the injured kidneys.

Flow cytometric analysis of the frequencies of Siglec-F neutrophils in other organs

(blood, spleen, bone marrow, and the contralateral kidney) as well as the injured

kidney in UUO-treated mice on day 7.
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Figure 22. Proliferation of Siglec-F* neutrophils.

Kinetic changes of the Siglec-F" and conventional neutrophil frequencies in terms of
cell proliferation (Ki-67 staining). All results are shown as mean £ SEM and
statistical analysis was performed using Mann-Whitney test. *P<0.05; ***P<0.001;
n = 4-5 mice in each group. n.d.: not detected. (A) and cell death (Annexin V

staining) (B)
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Figure 23. Apoptosis of Siglec-F* neutrophils.

Kinetic changes of the Siglec-F* and conventional neutrophil frequencies in terms of
cell death (Annexin V staining). All results are shown as mean + SEM and
statistical analysis was performed using Mann-Whitney test. *P<0.05; ***P<0.001;

n = 4-5 mice in each group. n.d.: not detected.
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Then, I inquired as to the location of conventional neutrophils converting
to Siglec-F" neutrophils. T knew it was not in the peripheral blood since blood
lacked Siglec-F* neutrophils (Figure 21). Thus, the conversions occurred either in
the injured kidney's parenchyma or in the renal blood vessels. To ascertain which,
mice treated with UUO were intravenously injected with a BV650-labeled CD45
monoclonal antibody (mAb) 5 minutes before to euthanasia, and the i.v. CD45"
cells were examined (Figure 24). This injection resulted in the formation of two
distinct populations: BV650-CD45" leukocytes in the renal blood vessels and
BV650-CD45- leukocytes in the parenchyma. As a control for this experiment, I
evaluated the locations of neutrophils and macrophages in the renal parenchyma
and vessels of CD45 mAb-injected naive animals. As expected, nearly all of the
neutrophils in the kidneys of naive mice were circulating cells in the renal blood
vessels, whereas half of the macrophages were found in the parenchyma of the
kidney and half in the blood vessels (Figure 25). On days 0, 3, 7, and 14 following
the BV650-CD45 mAD injection, I evaluated the Siglec-F" neutrophils in the UUO-
injured kidney. I discovered that the few Siglec-F* neutrophils present on day 0 and
practically all in the renal arteries. By day 3 following UUO, half of the Siglec-F*
neutrophils were found in the parenchyma, with the remaining half in the renal
blood vessels. It was also observed on days 7 and 14 (Figure 26). It is consistent
with the hypothesis that UUO induces the conversion of conventional neutrophils
in the renal blood arteries to Siglec-F* neutrophils, which then migrate into the
renal parenchyma. Because these conversion events are ongoing, they both replace
apoptotic Siglec-F" neutrophils and contribute to the expansion of the population

over time.
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Figure 24. Intravascular labeling of Siglec-F" neutrophils in the Kidney.
Sham- and UUO-treated mice were injected intravenously with a BV650-labeled
CD45 mAb 5 minutes before they were euthanized. The figure was created with

Biorender.com.
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Figure 25. Localization of neutrophils and macrophages in the homeostatic
kidney.

As a control to confirm that the mAb labeled the leukocytes in the kidney
vasculature but not in the kidney parenchyma, naive mice were injected with the
BV650-CD45 mAb and the neutrophils and macrophages in the kidneys were
subjected to flow cytometry. All results are shown as mean £ SEM. n = 4-5 mice in

each group.
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Figure 26. Localization of Siglec-F* neutrophils in the kidney.

(A) Sham- and UUO-treated mice were injected intravenously with a BV650-

labeled CD45 mAb 5 minutes before they were euthanized. The BV650-CD45-

labeled (intravascular, i.v.) and -unlabeled (parenchymal) Siglec-F" neutrophil

frequencies in the UUO-damaged kidney over time were determined by flow

cytometric analysis. All results are shown as mean = SEM. n = 4-5 mice in each

group.
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TGF-f1 and GM-CSF induce Siglec-F expression in

neutrophils

To determine the factors that prompted conventional neutrophils to convert
to Siglec-F" neutrophils following UUO, I evaluated the effect of UUO on the levels

of known neutrophil plasticity-involving tissue cytokines®® *3

. Thus, multiplex
cytokine bead arrays were conducted using the kidney lysates of sham- and UUO-
treated animals. TGF-B1, GM-CSF, IL-23, and monocyte chemoattractant protein-1
(MCP-1) were all immediately increased following UUO (Figure 27). This was not
the case with IL-1a, IFN-¥, TNF-a, IL-12p70, IL-6, IL-17A, IFN-B, IL-27, IL-10, or
IL-1B (Figure 28). Additionally, correlation analyses revealed that the levels of

TGF-B1, GM-CSF, 1L-23, and MCP-1 were significantly and positively correlated

with the frequencies of Siglec-F" neutrophils (Figure 29).
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Figure 27. Major tissue cytokine levels during UUO injury.

Tissue cytokine levels increased in the UUO kidneys. All results are shown as
mean + SEM and statistical analysis was performed using one-way ANOVA test.
*P<0.05; **P<0.01; ****P<(0.0001; n = 4-5 mice in each group. (B) Correlation

between the cytokines levels and frequency of Siglec-F' neutrophils in the kidney.
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Figure 28. Other tissue cytokine levels in the UUO injured kidneys.

All results are shown as mean = SEM and statistical analysis was performed using

one-way ANOVA test. *P<(.05; ****P<0.0001; n = 4-5 mice in each group.
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Figure 29. Correlation between cytokine levels and the frequency of Siglec-F*
neutrophils.

Correlation between the cytokine levels and frequency of Siglec-F* neutrophils in
the kidney. All results are shown as mean + SEM and statistical analysis was
performed using Pearson correlation analysis (B). *P<0.05; **P<0.01;

*%%%P<(0.0001; n = 4-5 mice in each group.
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To examine whether TGF-f1, GM-CSF, 1L-23, or MCP-1 directly trigger
the conversion of conventional neutrophils to Siglec-F* neutrophils, I extracted
neutrophils from murine bone marrow and treated them in vitro with each cytokine
(Figure 30). Siglec-F expression in neutrophils was induced by GM-CSF, but also
by TGF-B1 (but not by IL-23 or MCP-1) (Figure 31). Additionally, when TGF- 1
and GM-CSF were combined, they exhibited a minor additive effect on the number
of Siglec-F* neutrophils in vitro (Figure 31). To determine whether these cytokines
acted similarly on human neutrophils, neutrophils were extracted from the
peripheral blood of two healthy donors and treated with TGF-1 and/or GM-CSF.
Siglec-8 expression (the counterpart of mouse Siglec-F*¥) analysis revealed that
GM-CSF (but not TGF-B1) increased Siglec-8" neutrophils, however there were

discrepancies between donors (Figure 32).
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Figure 30. Experimental scheme to convert the Siglec-F* or Siglec-8*
neutrophils from cytokine stimulation.

Neutrophils were harvested from mouse bone marrow or human blood, incubated
overnight with 10 ng/ml of TGF-f1, GM-CSF, IL-23, and/or MCP-1, and then
subjected to flow cytometric analysis of their Siglec-F (mouse) or Siglec-8 (human)

expression. The figure was created with Biorender.com.
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Figure 31. In vitro conversion of mouse neutrophils to express Siglec-F.

Mouse bone marrow derived neutrophils were incubated with 10ng/ml of each
cytokine (or its combination) and analyzed for the expression of Siglec-F. All
results are shown as mean = SEM and statistical analysis was performed using one-

way ANOVA test. **P<0.01; ****P<(0.0001; n = 4-5 mice in each group.
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Figure 32. In vitro conversion of human neutrophils to express Siglec-8.

Human blood neutrophils were incubated with 10ng/ml of each cytokine (or its
combination) and analyzed for the expression of Siglec-8. All results are shown as
mean + SEM and statistical analysis was performed using one-way ANOVA test.

*P<0.05; **P<0.01; ****P<0.0001.
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T cells are well-known producers of TGF-1 and GM-CSF; they also play
a critical role in the development of renal fibrosis*> 447, I examined the immune
cells of UUO kidneys in Ragl”" mice (T and B cell-deficient mice) to establish
whether T cells are the source of the TGF-B1 and GM-CSF that lead conventional
neutrophils to change to Siglec-F* neutrophil. Siglec-F* neutrophils were detected in
Ragl™" mice, but at a lower frequency than in WT animals (5% vs. 25% of CD45"
cells) (Figure 33). Thus, while T cells contribute some of these cytokines, it is
likely that non-immune cells such as tubular epithelial cells (which have been
shown to produce TGF-B1 and GM-CSF during renal fibrosis** ) also contribute to
the induction of Siglec-F" neutrophils through the production of pro-inflammatory

cytokines.
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Figure 33. UUO injury models in Ragl knockout mice.
All results are shown as mean + SEM and statistical analysis was performed using
Student’s t-test. **P<0.01; ***P<0.001; n = 5 mice in each group. ns, not

significant.
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Siglec-F* neutrophils produce pro-fibrotic factors that

activate fibroblasts and Collagen 1

As previously stated, Siglec-F" neutrophils were more likely than
conventional neutrophils to exhibit hyper-segmentation in the kidney following
UUO (Figure 15). Given that neutrophil hyper-segmentation is associated with a
unique proteome and function®’, 1 evaluated the expression of inflammatory and

3051 on conventional and Siglec-F" neutrophils in the kidney

homeostatic markers
following UUO. Siglec-F" neutrophils showed significantly higher expression of
CDl11b and leucine-rich repeat-containing protein 32 (LRRC32), but CD62L
expression was significantly lower. LRRC32 activates the latent form of TGF-B1%2.
However, there was no difference in the surface levels of Dectin-1 between the two
neutrophil populations, which is an inflammatory mediator increased in polarized
neutrophils®® (Figure 34). Intracellular cytokine staining revealed that Siglec-F*
neutrophils from the UUO-injured kidney expressed much more TGF-f1, TNF-a,

and IL-1B than conventional neutrophils (Figure 35). Quantitative PCR study of

sorted neutrophils from UUO-injured kidneys verified this result (Figure 36).
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Figure 34. Activated features of Siglec-F* neutrophils.

Flow cytometric comparison of conventional neutrophils and Siglec-F* neutrophils
in the UUO-injured kidney at day 7 (n = 10 in each group) in terms of their surface
levels of inflammatory and homeostatic markers. All results are shown as mean +
SEM and statistical analysis was performed using Student’s t-test. *P<0.05;

**p<0.01; ****P<0.0001; ns, not significant; MFI, mean fluorescence intensity.
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Figure 35. Flow cytometric analysis of proinflammatory cytokines expressed by
Siglec-F* neutrophils.

Flow cytometric comparison of conventional neutrophils and Siglec-F* neutrophils
in the UUO-injured kidney at day 7 (n = 10 in each group) in terms of expression of
pro-fibrotic and pro-inflammatory cytokines. All results are shown as mean + SEM
and statistical analysis was performed using Student’s t-test. *P<0.05; **P<0.01;

***%P<(.0001; ns, not significant; MFI, mean fluorescence intensity.
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Figure 36. qPCR analysis of proinflammatory cytokines expressed by Siglec-F*
neutrophils.

RT-gPCR analysis of sorted neutrophils and Siglec-F" neutrophils from UUO-
induced kidney (n = 6 in each group). All results are shown as mean + SEM and
statistical analysis was performed using Mann-Whitney test. *P<0.05; **P<0.01.

The figure was created with icons from Biorender.com.
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Our in vitro work demonstrated that TGF-B1 and, more specifically, GM-
CSF converted neutrophils from murine bone marrow into Siglec-F* neutrophils
(Figure 31). When examined the levels of pro-inflammatory cytokines produced
by Siglec-F* neutrophils again with RT-PCR, I confirmed that treatment with GM-
CSF, but not TGF-B1, prompted these cells to express the pro-inflammatory genes
TGF-B1 and TNF-a (Figure 37). Given that TGF-B1, TNF-a, and IL-1 are known
to trigger fibrotic activity of fibroblasts’ 3%  these findings prompted us to
speculate that pro-inflammatory cytokines produced by Siglec-F* neutrophils cause
fibroblast activation and differentiation. To examine this, I co-cultured in vitro
unprimed (conventional) neutrophils with NIH3T3, a mouse embryonic fibroblast
cell line, or with TGF-B1 or GM-CSF-primed neutrophils. I rinsed away the
neutrophils after 24 hours and analyzed the fibroblasts using Western blot analysis
for two fibroblast activation and differentiation markers, COL1A1l and o-SMA
(Figure 38). Both were increased in fibroblasts cultured with primed neutrophils.
Additionally, consistent with GM-CSF effect on Siglec-F expression of neutrophils
(Figure 31), GM-CSF-primed neutrophils activated fibroblasts more potently than

TGF-B1-primed neutrophils (Figure 39).
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Figure 37. Proinflammatory cytokines expressed by in vitro generated Siglec-
F* neutrophils.

RT-qPCR analysis of TGF-B1 or GM-CSF primed neutrophils (n = 4 in each group).
All results are shown as mean = SEM and statistical analysis was performed using
one-way ANOVA test. **P<0.01; ***P<0.001; ****P<(0.0001. The figure was

created with icons from Biorender.com.
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Figure 38. Co-culture system of fibroblasts and primed neutrophils.

Depiction of the experiment (n = 6 in each group) where bone marrow-derived
neutrophils were induced to convert into Siglec-F" neutrophils by priming with
TGF-B1 or GM-CSF, after which they were co-cultured with NIH3T3 fibroblasts.

The figure was created with Biorender.com
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Figure 39. Activation of fibroblasts by culturing with primed neutrophils.

Western blot analysis for COL1A1 and a-SMA, which are fibroblast activation and
differentiation markers. All results are shown as mean + SEM and statistical
analysis was performed using one-way ANOVA test. *P<0.05; **P<0.01;

*ax4P<0.0001.
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Recent research has demonstrated that fibroblasts are not the only cells
capable of producing Collagen 1 in renal fibrosis; immune cells, notably
macrophages, also possess this capability>> 3, Indeed, when I used flow cytometry
to compare COL1Al-expressing CD45" immune cells and CD45  non-immune
cells in sham- and UUO-treated kidneys, 1 discovered that UUO significantly
increased the number of COL1A1-producing CD45" immune cells (from 4 percent
in the sham-treated mice to 70 percent in the UUO-treated mice). After UUO, a
study of immune cell types revealed that the great majority of CD45" leukocytes
expressing COL1A1 were Siglec-F" neutrophils (Figure 40). I then validated by
immunofluorescence staining and quantitative RT-PCR that Siglec-F" neutrophils
isolated from UUO kidneys expressed COL1A1; conventional neutrophils, on the
other hand, did not express COL1A1 (Figures 41A and 41B). Similarly, bone
marrow-derived neutrophils stimulated in vitro with GM-CSF expressed much
more COL1A1 than unprimed neutrophils (Figure 42A and 42B). Overall, Siglec-
F* neutrophils contribute to renal fibrosis in two ways: by activating fibroblasts via
pro-fibrotic cytokines (TGF-B1, TNF-a, and IL-1pB), and by secreting COL1A1

directly.
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Figure 40. Flow cytometric analysis of collagen 1 expression in Siglec-F*
neutrophils from UUO kidney.

Flow cytometric analysis of the intracellular levels of COLI1AIl in the CD45"
immune cells and CD45" non-immune cells from sham- and UUO-treated kidneys at
day 7. (A) Flow cytometric analysis of UUO kidney. (B) Pie chart showing the

frequency of COL1A1 producing Siglec-F" neutrophils.
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Figure 41. Collagen 1 expression in the sorted Siglec-F* neutrophils from UUO
kidney.

Sorted conventional and Siglec-F* neutrophils from UUO-treated kidneys at day
14 (n = 6 in each group) were subjected to immunofluorescence (A) and RT-qPCR
(B) analysis of COL1ALI protein expression. All results are shown as mean + SEM

and statistical analysis was performed using Student’s t-test. **P<(.01.
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Figure 42. Collagen 1 expression in Siglec-F* neutrophils generated in vitro.

Neutrophils Neutrophils

Siglec-F*

COLI1A1 expression of TGF-B1 or GM-CSF primed neutrophils evaluated by
ELISA (n = 8 in each group) (A) and immunofluorescence (B). All results are
shown as mean = SEM and statistical analysis was performed using one-way

ANOVA test (B-C). **#*P<0.0001.
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Siglec-F* neutrophils contribute to the advanced renal

fibrosis

To determine whether Siglec-F* neutrophils are required for renal fibrosis,
I depleted Siglec-F" neutrophils on days 2 and 4 following UUO using anti-Siglec-F
or anti-Ly-6G antibodies (Figure 43A). On day 7, flow cytometry revealed that
anti-Ly-6G antibodies decreased both Siglec-F" and conventional neutrophils in the
kidney, but anti-Siglec-F antibodies depleted only Siglec-F" neutrophils (Figure
43B). Fibrosis in the kidneys was assessed using Sirius red histology and COL1A1
immunohistochemistry. While both antibodies were successful at reducing fibrosis,
the anti-Siglec-F antibody was significantly more effective (Figure 44).
Additionally, it inhibited the expression of renal injury and fibrosis-related markers
in the kidney more effectively than the anti-Ly-6G antibody (Figure 45). Above all,
it meant that the contribution of conventional neutrophils in inducing renal fibrosis
was minimal. This discrepancy may be explained in part by the significant rise in
Siglec-F" CCR3" eosinophils in anti-Ly-6G-treated UUO mice (25.8% vs. 4.3% in
isotype-treated mice and 0.9% in anti-Siglec-F-treated mice) (Figure 43B), which
may cause fibrosis. Consistent with these findings, the frequency of Siglec-F*
neutrophils was extremely significant and positively correlated with the degree of

renal fibrosis as determined by Sirius red and COL1A1 staining (Figure 46).
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Figure 43. Experimental of Siglec-F* neutrophil depletion in UUO mice.

(A) UUO mice were treated on days 2 and 4 with isotype control, anti-Ly-6G, or
anti-Siglec-F mAbs. The figure was created with icons from Biorender.com. (B)
The anti-Ly-6G and anti-Siglec-F mAbs effectively depleted the Siglec-F*
neutrophils in the kidney; the anti-Ly-6G antibodies also depleted the conventional

neutrophils in the kidney.
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Figure 44. Histologic analysis of Siglec-F* neutrophil depletion in UUO mice.

The effect of Siglec-F* neutrophil depletion on the renal fibrosis was determined on
day 7 by Sirius-red histology and COL1A1 immunohistochemistry. All results are
shown as mean = SEM and statistical analysis was performed using one-way

ANOVA test. *P<(0.05; **P<0.01; ****P<0.0001; n = 6-7 mice in each group.
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Figure 45. Western blot analysis of Siglec-F" neutrophil depletion in UUO mice.
The effect of Siglec-F" neutrophil depletion on the degree of renal injury was
determined on day 7 by Western blotting of kidney damage- and fibrosis-related
markers. All results are shown as mean + SEM and statistical analysis was
performed using one-way ANOVA test. *P<(0.05; **P<(0.01; ***P<0.001;

*4%%P<0.0001; n = 6-7 mice in each group.
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Figure 46. Correlation between Siglec-F* neutrophils and fibrosis markers.
Pearson correlation analysis between Siglec-F" neutrophil frequencies and the

percentage of Sirius red- and COL1A1-staining in the UUO-damaged kidneys.

*% P<(0.01; ****P<0.0001.
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To investigate whether Siglec-F* neutrophils directly produce renal fibrosis,
I adoptively transplanted Siglec-F* neutrophils made in vitro into control and UUO
mice (Figure 47). Renal fibrosis was dramatically increased in UUO mice when
Siglec-F* neutrophils were intravenously delivered to the kidney; however, adoptive
transfer of Siglec-F" neutrophils into control mice had no effect on renal fibrosis
(Figures 48A and B). Indeed, transferred Siglec-F* neutrophils were barely
detected in control mouse kidneys, indicating that i.v. transferred Siglec-F*
neutrophils did not migrate to the uninjured kidney (Figure 49).

Taken together, these findings support the hypothesis that Siglec-F*

neutrophils are critical in the development of renal fibrosis.
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Figure 47. Experimental scheme of adoptive transfer of Siglec-F* neutrophils in
healthy and UUO mice.

(A) Experimental scheme. Siglec-F* neutrophils were adoptively transferred into the
control or UUO mice on days 3 or 10 from the injury. The figure was created with

icons from Biorender.com.
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Figure 48. Histological analysis of adoptive transfer of Siglec-F" neutrophils in

healthy and UUO mice.

Siglec-F* neutrophils were adoptively transferred into the control or UUO mice on

days 3 or 10 from the injury. (A-B) The effect of adoptive transfer of Siglec-F*

neutrophils on the degree of renal injury was determined on day 14 by Sirius-red

histology and COL1A1 immunohistochemistry. All results are shown as mean +

SEM and statistical analysis was performed using one-way ANOVA test. ¥*P<(.01;

**%Pp<0.001; ****P<0.0001; n=7-16 mice in each group.
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Figure 49. Adoptive transfer of Siglec-F* neutrophils to control mice.
Conventional and Siglec-F" neutrophils in Siglec-F* neutrophil transferred control
mouse kidneys. All results are shown as mean = SEM and statistical analysis was

performed using one-way ANOVA test. n=3 mice in each group.
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Siglec-F* neutrophils are increased in the Kidneys of other
murine CKD models and human Kkidneys with renal cell

carcinoma

Finally, I examined whether Siglec-F* neutrophils are similarly involved in
the advancement of fibrosis in CKD models induced by various other etiologies.
Adriamycin-induced nephropathy serves as a model for focal segmental
glomerulosclerosis (FSGS) and has the benefit of inducing glomerular and tubular
interstitial fibrosis®’. Likewise, the UUO model, Adriamycin-induced nephropathy
is accompanied with an increase in Siglec-F* neutrophils in the kidney (Figure 50).
Because UUO and Adriamycin nephropathy are both models of acute renal fibrosis,
I also studied the renal ischemia-reperfusion injury (IRI) model, which has the
advantage of modeling the transitions from acute kidney injury to CKD*® (Figure
51A). Fibrosis developed slowly in the IRI model, as expected. However, 4 and 8
weeks following the kidney damage, a considerable rise in Siglec-F" neutrophil
frequencies was detected (Figure 51B). Thus, Siglec-F" neutrophils may have a role

in a variety of fibrotic renal disorders.
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Figure 50. Adriamycin induced nephropathy.

Adriamycin-induced nephropathy was induced and evaluated on day 7. (A) The
induction of fibrosis was measured by Sirius red histology and COLI1A1
immunohistochemistry. (B) The changes in eosinophil, neutrophil, and Siglec-F*
neutrophil frequencies were determined by flow cytometry. All results are shown
as mean = SEM and statistical analysis was performed using Student’s t-test.

**P<0.01; ****P<0.0001. n = 11-13 mice in each group.
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Figure 51. Renal ischemia-reperfusion injury model.

Renal ischemia-reperfusion injury (IRI) was induced and evaluated on week 4 and
8. (A) The induction of fibrosis was measured by Sirius red histology and COL1A1
immunohistochemistry. (B) The changes in eosinophil, neutrophil, and Siglec-F*
neutrophil frequencies were determined by flow cytometry. All results are shown as
mean = SEM and statistical analysis was performed using one-way ANOVA test.

**%P<0.001; ****P<0.0001. n = 8 mice in each group.
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To extend our findings from mice CKD models to human renal fibrosis, 1
investigated a publicly available database of gene expression from CKD patients
(Nephroseq Research Edition. Ann Arbor, MI: University of Michigan;
http://www.nephroseq.org). Because humans lack the Siglec-F gene, I instead
studied Siglec-8, which is a mouse Siglec-F paralog. In comparison to healthy renal
tissues, the renal tissues of individuals with diabetic nephropathy (DN) and FSGS
expressed considerably more FCGRIIIB (a neutrophil surrogate marker) and
SIGLECS (Figure 52A). Additionally, the expression of both genes was strongly
and negatively linked with the renal function of DN patients, namely the log2
glomerular filtration rate (GFR) (Figure 52B). These findings imply that Siglec-8*
neutrophils are increased in patients with CKD and may be associated with disease
aggravation.

Because intratumoral fibrosis is a frequent characteristic of clear cell renal
cell carcinoma (RCC)¥, 1 also examined the Siglec-8" neutrophils in the renal
tissues of seven RCC patients. Indeed, I confirmed that tumor tissues in surgical
specimens had a higher level of fibrosis and collagen deposition than normal kidney
tissues (Figure 53). When healthy and tumor kidney tissues from the same donor
were compared, Siglec-8 neutrophils were found solely in the tumor fractions
(Figure 54). Together, these findings support the concept that this novel neutrophil

subpopulation contributes to renal fibrosis in both murine and human kidneys.
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Figure 52. Expression of SIGLECS and FCGRIIIB in the CKD patients.

A public gene expression dataset of CKD patients was used to determine whether
diabetic nephropathy (DN) (n = 9) and focal segmental glomerulosclerosis (FSGS)
(n = 19) associated with increased renal frequencies of neutrophils (as indicated by
the FCGRIIIB gene) and Siglec-8* neutrophils (as indicated by the SIGLECS gene)
compared to healthy controls (HC) (n = 10) (A). Pearson correlation analysis
between FCGRIIIB and SIGLECS expression and renal function (log2 GFR) in DN

patients (n = 16) was also assessed (B).
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Figure 53. Fibrotic changes of control and tumor tissues from nephrectomy
specimen of RCC patients.
Sirius-red (upper panel) and COL1A1 immunohistochemistry (lower panel) of

tumor or normal lesion from RCC patients.
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Figure 54. Siglec-8" neutrophils in human Kidney tissues.

Nephrectomy specimens from seven patients with RCC were subjected to flow
cytometry to determine the frequencies of Siglec-8"  neutrophils
(CD11b"CD15"CD16" and SSC!e") in the healthy and tumor counterparts of each
specimen. All results are shown as mean = SEM and statistical analysis was

performed using Wilcoxon rank sum test. *P<0.05.
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DISCUSSION

Given that neutrophils are the most abundant inflammatory cells in the
blood, substantial study has been undertaken on both their protective and harmful
functions in a variety of inflammatory and fibrotic disorders®®- ¢!. Their
involvement in renal fibrosis, however, have received little attention. I report for
the first time that ureteral obstruction induces and significantly expands a recently
identified Siglec-F-expressing neutrophil subpopulation in the fibrotic kidney. Our
subsequent comprehensive characterization of these novel cells revealed that, while
they are derived from conventional neutrophils, they are larger and more granular,
more likely to be hyper-segmented, and express higher levels of the activation
markers CD11b and LRRC32, as well as the effector cytokines TGF-f1, TNF-a,
and IL-1B. Furthermore, unlike conventional neutrophils, Siglec-F-expressing
neutrophils efficiently drive fibroblasts to generate Collagen 1 via the cytokines
produced by the Siglec-F-expressing neutrophils. Notably, I also demonstrate for
the first time that these cells produce Collagen 1. This shows that neutrophils
expressing Siglec-F contribute to fibrosis through (i) directly generating Collagen 1
and (ii) promoting the production of Collagen 1 by other cells. Additionally, I
observed that Siglec-F" neutrophils were increased in renal fibrosis models with the
different disease nature from UUO (i.e., Adriamycin-induced nephropathy and IRI).
Additionally, SIGLECS, the human homolog of Siglec-F, is elevated in the renal
tissues of DN and FSGS patients when compared to healthy controls, as well as in
the fibrotic renal tissues from tumor patients when compared to their healthy renal
tissues. Finally, depletion and adoptive transfer of Siglec-F* neutrophils established

their role in renal fibrosis and identified them as possible therapeutic targets.
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Because Siglec-F and Ly-6G are eosinophil and neutrophil markers, respectively,
our initial tests following the discovery of Siglec-F* Ly-6G* cells in fibrotic
kidneys determined whether these cells were neutrophil or eosinophil. They were
identified as neutrophils because they (i) exhibited the characteristic blue Diff-
Quick-stained multilobed nuclei of neutrophils, (ii) co-expressed the neutrophil
marker Siglec-E but not the eosinophil marker CCR3, (iii) they were also induced
by UUO in AdblGATA mice, which cannot generate eosinophils, and (iv) they
could be generated in vitro from conventional bone-marrow derived neutrophils.

The first time that Siglec-F" neutrophils were reported was in a 2017
investigation on tumors®*. Other investigations have since confirmed their tumor-
promoting properties®® %2, Additionally, several other inflammatory diseases have
been found to induce Siglec-F* neutrophils, including nasal infection®, allergic
rhinitis?’, asthma®', and myocardial infarction”. Unlike us, tumor studies
discovered that Siglec-F" neutrophils were morphologically identical to
conventional neutrophils** %, Additionally, it appears that the role of Siglec-F*
neutrophils is context-dependent. While Siglec-F* neutrophils promote tumor
growth regardless of the type of tumor®, they also aid in the healing of inflamed
olfactory neuroepithelium?” and the clearing of Bordetella pertussis from the nasal
epithelium®. While Siglec-F* neutrophils can be created under a variety of
situations, their roles may be altered by the specific stimuli and microenvironments
in which they are formed and function. Additional research on the effect of context
on Siglec-F" neutrophil activity is necessary.

I noticed that UUO-treated mice did not have Siglec-F" neutrophils in
their peripheral blood, spleen, or bone marrow. Furthermore, the rapid expansion of

the Siglec-F" neutrophil population in the wounded kidney was accompanied by an
¥ ¥
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equally rapid expansion of conventional neutrophils in the peripheral blood, spleen,
and damaged kidney. This shows that Siglec-F* neutrophils are formed in the
fibrotic kidney from conventional neutrophils in parenchyma or renal vasculature
of the injured kidney. Our tests with BV650-CD45 monoclonal antibodies
demonstrated that the latter was true. The few Siglec-F' neutrophils in the healthy
kidney were almost entirely concentrated in the renal vasculature in the sham-
treated mice. However, following UUO, half of the rapidly increasing Siglec-F*
neutrophil population in the injured kidney was found in the parenchyma, while the
remaining half was found in the blood vessels. Given that this pattern persisted 14
days after UUO and that the Siglec-F" neutrophils in the injured kidney were also
low proliferative and apoptotic, it appears that the parenchymal Siglec-F*
neutrophil population is constantly replenished via conversion of conventional
neutrophils in the renal vessels, followed by migration of the newly formed Siglec-
F* neutrophils into the renal parenchyma.

Numerous lines of evidence indicate that inflammatory cytokines play a
significant role in the onset and progression of CKD'S. I observed that our UUO-
injured kidneys expressed significantly higher levels of TGF-f1, GM-CSF, IL-23,
and MCP-1 than sham-treated kidneys. As a result, I hypothesized that the altered
cytokine milieu in the kidney might be responsible for the generation of Siglec-F*
neutrophils. Indeed, the levels of these cytokines in the kidney following UUO
were positively correlated with Siglec-F" neutrophil frequencies in the kidney.
Additionally, TGF-f1 and GM-CSF promoted the expression of Siglec-F in
conventional murine neutrophils and Siglec-8 in naive human neutrophils. Thus,
TGF-B1 and, more specifically, GM-CSF induce the conversion of conventional

neutrophils to Siglec-F" neutrophils.
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Notably, I discovered that Siglec-F* neutrophils produced following UUO
or priming with TGF-p1 or GM-CSF expressed Collagen 1. Although there are
diverse ECM proteins accumulated during fibrosis, type 1 collagen (collagen 1) is
one of the major proteins involved in the renal fibrosis. Myofibroblasts are thought
to produce the majority of ECM proteins in renal fibrosis®*. This was recently
challenged by Buchtler et al., who examined the extent of renal fibrosis in mice
with conditionally knocked-out COL1A1 in CD45" cells: when these mice were
subjected to UUO or adriamycin-induced nephropathy, their renal fibrosis was
significantly reduced compared to wildtype mice®. Although they did not specify
which CD45" leukocytes produced Collagen 1, they concluded that leukocytes
were responsible for 38-50% of Collagen 1 deposition in renal fibrosis. This is
supported by a recent study® that reanalyzed single-cell RNA sequencing data
from UUO-injured kidneys and discovered that immune cells, including
neutrophils, express COL1A1 as well as other collagen proteins such as COL5A2,
COL12A1, and COL15A1%. Our observation that Siglec-F" neutrophils are the
predominant source of Collagen 1 in the fibrotic kidney corroborates and expands
on previous findings. Our Siglec-F" neutrophil mAb depletion tests further support
this hypothesis: both anti-Ly-6G and anti-Siglec-F mAbs greatly reduced UUO-
induced fibrosis. Notably, whereas both mAbs efficiently suppressed Siglec-F*
neutrophils, the anti-Ly-6G mAb significantly decreased fibrosis compared to the
anti-Siglec-F mAb. This could be due to an unexpected rise in eosinophils
following anti-Ly-6G treatment, which may have a pro-fibrotic effect. Additional
mechanistic research is necessary.

Although the role of neutrophils in renal failure has been relatively
understudied to date, a few studies demonstrate unequivocally that they exist and
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play a role in glomerulonephritis with a variety of etiologies®” %70 The current
study confirms and extends previous findings by demonstrating that fibrotic
kidneys in both murine and human models induce the new pro-fibrotic Siglec-F*
(mouse) or Siglec-8" (human) neutrophil. This shows that neutrophil profiling may
have clinical utility in patients with renal fibrosis or CKD. Additionally, our studies
imply that immunotherapies could be used to target this novel immune cell type,
potentially interrupting or reversing the inexorable course of renal fibrosis. To
ascertain the clinical relevance of our findings, I need to first confirm the presence
of Siglec-8-expressing neutrophils and their features at various phases of renal
fibrosis or CKD in large and diverse patient cohorts. Nonetheless, from a
pathophysiological standpoint, I hope that the functional analysis and molecular
profiling of Siglec-F* neutrophils described here will contribute to the field's
understanding of the micro-inflammatory environment associated with renal
fibrosis.

There are still few limitations in this study. First, I showed the role of
Siglec-F* neutrophils in renal fibrosis mostly using the UUO model where the
fibrosis is localized in tubulointerstitium. Although the tubulointerstitial fibrosis is
the common final destination for all progressive renal diseases even including
glomerular diseases, the functional study based on UUO model might not
guarantee that Siglec-F" neutrophils also contribute to the fibrosis in glomerular
compartment. The only evidence was the increase of Siglec-F" neutrophils in the
renal IRI model which accompany both glomerular and tubulointerstitial fibrosis.
Second, I was unable to quantify the contribution of two pro-fibrotic mechanisms
of Siglec-F* neutrophils to renal fibrosis: is it their production of Collagen 1 that is

more important, or is it their production of pro-fibrotic cytokines (which induce
3 ]
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other cells to produce Collagen 1)? The application of a conditional COL1Al
deletion system to neutrophils may provide answers to these questions.
Additionally, I have not been able to study renal tissues from individuals with renal
fibrosis other than tumor to determine whether they also include Siglec-8*
neutrophils and whether they contribute to fibrosis development. While these
investigations are ongoing, they are impeded by the difficulty of acquiring
adequate kidney samples from individuals with CKD for flow cytometric
examination. Nonetheless, our study is the first to demonstrate the presence of
Siglec-F* neutrophils in the fibrotic kidney. Our comprehensive analysis using a
variety of renal fibrosis models, in vitro experiments, and human transcriptomics
and tissue experiments also indicates that these cells play a significant role in the
fibrotic process and may be targeted therapeutically to promote tissue recovery and

slow the progression of renal fibrosis.
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CONCLUSION

In this study, I discovered the role of Siglec-F* neutrophils in the renal
inflammation and fibrosis. Given the unmet clinical demands for renal fibrosis, the
identification of novel pharmaceutical targets for interfering in disease progression
is critical. To identify the key immune cells involved in the renal fibrosis, I aimed
to investigate the changes of immune cell landscapes including minor innate
immune cells. I identified that the affected kidney included a substantial and
rapidly emerging population of neutrophils that showed the eosinophil marker
Siglec-F when I examined these cells in the unilateral ureteral obstruction (UUO)
mice model of renal fibrosis. I initially determined that they were neutrophils. I
then demonstrated that TGF-B1 and GM-CSF derived these cells from conventional
neutrophils in the renal vasculature. In addition, they were differed from
conventional neutrophils by more frequent hypersegmentation, higher expression
of pro-fibrotic and inflammatory cytokines. and, most importantly, expression of
collagen 1. I demonstrated their roles in renal fibrosis by the specific depletion and
adoptive transfer of Siglec-F" neutrophils (Figure 55). Thus, these studies have
uncovered a subgroup of neutrophils that contributes to renal fibrosis and,

potentially, a novel therapeutic target for renal fibrosis and/or CKD.
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Figure 55. Graphical summary of this study.

During renal injury leading to renal fibrosis, conventional neutrophils were
infiltrated and conversed to Siglec-F" neutrophils in the injured kidney by TGF-B1
and GM-CSF. The Siglec-F" neutrophils contributed to renal fibrosis via two
pathways: direct pathway of producing collagen 1, and indirect pathway of
inducing activation of myofibroblasts through TGF-f1, TNF-a, and IL-1f. The

figure was created with Biorender.com.
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