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Preface

The adult kidney filtrates about 76 to 148 mL/min of blood under healthy condition
(Soares et al., 2013). However, any defects in such system especially that is associated
with chronic kidney disease (CKD) lead to end-stage renal disease (ESRD) which
requires dialysis and renal transplantation (Smyth et al., 2014). The increased prevalence
of patients with CKD is one of the most serious public health problems throughout the
world (Tonelli et al., 2006). Interestingly, it has been estimated that over 19 million people
in the United States and approximately 22% of adults in Japan have CKD (Coresh et al.,
2003 and Nagata et al., 2010). Furthermore, in veterinary medicine, the number of
companion animals suffering from CKD is also increasing because of their aging,
especially approximately 30 % of cats over 15 years of age show CKD sign (Bartlett et
al., 2010).

Because of the fact that repair of kidney injury is incomplete, episodes of kidney injury
lead to the CKD (Kramann et al., 2015). Therefore, understanding of the pathogenesis of
CKD development could provide an efficient approach for alleviating the high morbidity
and mortality accompanied the CKD, and also meet up the objective of ‘Zoobiquity’.
There are many causes of CKD, including hypertension, diabetes, certain infections, long-
term drug use, and systemic disorder such systemic lupus erythematosus (SLE) (Lysaght,
2002; Kriz and LeHIr, 2005; Nakai et al., 2006; Smyth et al., 2014). Irrespective of
etiologies, CKD is resulted from damage to the blood-urine barrier (BUB) components
(Ohashi et al., 2002; Kimura et al., 2013).

In glomerulus, BUB is formed by inner endothelium, middle glomerular basement

membrane (GBM) and outer podocyte (Satchell and Braet, 2009). Glomerular capillary



endothelium plays critical coordinating roles in renal physiology (Endemann and
Schiffrin, 2004; Cheng et al., 2014). However, it has been reported that development of
glomerulosclerosis in murine model resulted from an imbalance in the decrease in
endothelial repair and increase in endothelial apoptosis after renal injury (Tang et al.,
2014). Furthermore, the podocyte is involved in the maintenance of healthy intracapillary
environments through crosstalk with glomerular endothelial cells (ECs) and as a source
of vascular endothelial growth factor (VEGF) in glomeruli (Nihalani and Susztak, 2013;
Kobayashi et al., 2015). Recently it has been revealed that podocyte injury is a critical
event that causes albumin hyperfiltration from glomerular capillaries and causes
glomerulonephritis (GN) in mice (Kimura et al., 2013). Therefore, when this BUB is not
functioning properly, it ceases to be an effective barrier and leads to proteinuria and CKD.

Similarly, renal tubular epithelial cells (TECs) and ECs of peritubular capillary (PTC)
have important role for the barrier between renal tissues and blood stream, by
reabsorption of filtrate components into PTC and trafficking of leukocytes from blood
stream to extravascular space, respectively (Khakpour et al., 2015; Vedulla et al., 2017).
However, PTC ECs show differential responses to microenvironmental changes or stimuli.
They are also injured in different nephropathy, resulting in a reduction in capillary density
and progression of tubulointerstitial lesions (TILs) (Lindenmeyer et al., 2007). In some
disease, inflammatory cells infiltrate to tubulointerstitium caused PTC injury (Ohashi et
al., 2002). Importantly, PTC rarefaction, along with interstitial fibrosis and tubular
atrophy, is one of the major hallmarks of CKD (Kida et al., 2014). Interestingly, TECs
undergo a morphological changes in response to variety of injury and function as
inflammatory and fibrogenic cells (Liu et al., 2018). These data indicate that injury of

BUB components in tubulointerstitium also causes kidney disease.



Moreover, BUB components, including ECs, podocytes and TECs are recognized as
active participants in the host’s innate immune response to infection and injury. They
express toll-like receptors (TLRs) which are activated by different stimuli. Endogenous
TLR ligands may act as danger signals relaying the presence of tissue injury to immune
cells or BUB component cells, thereby inducing inflammation and damage of local tissue
(Anders et al., 2003; Baccala et al., 2009; Garraud and Cognasse, 2010; Salvador et al.,
2016; Xia et al., 2017). Taken together, these studies strongly suggest that understanding
the pathological crosstalk between components of BUB and their achieved
immunological function is invaluable for the development of better diagnostic and
therapeutic strategies for CKD.

Therefore, the author focused importance on endothelium and other components of
BUB to clarify pathophysiological and immunological role of BUB in the progression of
kidney disease in model mice. In Chapter 1, the author showed the pathological crosstalk
between components of glomerular BUB, including ECs and podocytes using a modified
scanning electron microscopy (mSEM) in addition to routine histopathological
techniques. In Chapter 2, the author revealed the pathological interaction between
components of tubulointerstitital BUB, including PTC ECs and TECs. In third Chapter,
the author showed overexpression of 7/r9 in different components of BUB in glomerulus
and tububulointerstitium of autoimmune GN (AGN) model mice. In addition, the author
investigated the activation of different BUB components through overexpression of 77r9
and subsequent development of GLs and TILs in AGN model mice.

In conclusion, the integrity of BUB depends on the plasticity and dynamic signaling
between its components, and the author also found TLR9, a member of TLRs, as a novel

diagnostic and therapeutic target of BUB injury during CKD development.
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Chapter 1

Modified scanning electron microscopy revealed
pathological crosstalk between components of

glomerular blood-urine barrier



Introduction

Kidney disease causes a systemic deterioration in health. The CKD, in particular, is a
substantial public health burden because it is associated with ESRD and cardiovascular
disease (Tonelli et al., 2006). There are many causes of CKD, including hypertension,
diabetes, certain infections, long-term drug use, and systemic disorder such as SLE
(Lysaght, 2002; Kriz and LeHIr, 2005; Nakai et al., 2006; Smyth et al., 2014). Importantly,
GN is considered as the second most cause of renal failure (Segelmark and Helmark,
2010).

The adult kidney filters blood to eliminate toxins and metabolic wastes, maintains the
balance of water, salts, and pH, absorbs minerals, produces urine, etc., to sustain life. The
glomerular BUB plays key roles to execute these functions. Defects in BUB integrity
were observed during the progression of GN with leakage of plasma proteins, including
albumin, finally leading to ESRD (Kimura et al., 2013). The occurrence of proteinuria
was associated with podocytopathy and decreased podocyte number in AGN (Kimura et
al.,, 2013). Interestingly, it has been reported that, in healthy individuals, podocytes
produced VEGF which was essential for maintenance of adjacent endothelia and integrity
of its fenestration (Kobayashi et al., 2015; Scott and Quaggin, 2015). Additionally, it has
been reported that the glomerular endothelium was covered with a glycocalyx forming a
permeability barrier preventing the development of proteinuria under normal healthy
conditions (Abras et al., 2006; Satchell and Braet, 2009). Therefore, pathologies of ECs
and their fenestration are associated with proteinuria and renal failure, which have been
well characterized in preeclampsia and diabetes (Stillman and Karumanchi, 2007; Toyoda
et al., 2007; Weil et al., 2012). Moreover, an interaction between the endothelium and

podocytes through VEGF has been reported in diabetes (Sivaskandarajah et al., 2012).



Furthermore, Haraldson et al. have reported that the BUB function was considered an
integrated whole with cell-cell interaction, and any disruption of such interaction could
affect the overall permeability (Haraldson et al., 2008). However, limited information is
available regarding the defective interactions between podocytes and glomerular
endothelium during CKD pathogenesis, including AGN revealed by combined
ultrastructural and molecular approaches.

For the ultrastructural analysis of the glomerulus, scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) are useful. However, the ultrastructural
quantitative analysis of the glomerulus, including enumeration of endothelial
fenestrations (EFs) and podocyte foot process (PFP), is quite difficult, because SEM
reveals only the surface of glomerular ECs or podocytes, and the area is limited for TEM
observation. Interestingly, Koga ef al. have performed SEM using a semi-thin section and
reported that this method could aid visualising large areas of sections and obtain TEM-
like images (Koga et al., 2015). Therefore, in this study, the author modified the previous
SEM method to develop the so-called “mSEM” and applied this method for the analysis
of glomerular ultrastructural pathology, especially focusing on AGN.

In this study, the author used BXSB/MplJ-Yaa (Yaa) mice as a murine model of AGN.
Mice of this strain develop systemic autoimmune disease characterised by increased
serum autoantibody titres, autoreactive B cells, vasculitis, and podocyte injury with AGN
(Kimura et al., 2013). Yaa mice carries a genetic mutation on the Y chromosome called
“Y-linked autoimmune acceleration” (Yaa), and male mice develop more severe GN than
female mice due to the Yaa mutation (Santiago-Raber et al., 2004).

In Chapter 1, the author clearly revealed pathological correlations between the

glomerular BUB components, including endothelial and podocyte injury in AGN



pathogenesis through a unique ultrastructural analysis and molecular quantitative analysis.



Materials and Methods
Ethical statements
All animal experiments were approved by the Institutional Animal Care and Use
Committee of the Faculty of Veterinary Medicine, Hokkaido University (approval No.
13-0032, 15-0079). The authors adhered to approved Guide for the Care and Use of
Laboratory Animals of Hokkaido University, Faculty of Veterinary Medicine (approved
by the Association for Assessment and Accreditation of Laboratory Animal Care

International).

Experimental animal and housing

Male BXSB/MpJ (BXSB), a wild-type strain, and Yaa mice were purchased from Japan
SLC Inc. (Hamamatsu, Japan). Yaa mice were used as autoimmune AGN model mice and
age-matched BXSB mice served as the healthy control. All mice were maintained in
specific pathogen-free conditions in a 1:1 light-dark condition. Food and water were

provided ad libitum to experimental mice.

Sample preparation

Mice were deeply anaesthetised with a mixture of 0.3 mg/kg medetomidine (Kyoritsu
Seiyaku, Tokyo, Japan), 4 mg/kg midazolam (Astellas Pharma, Tokyo, Japan), and 5
mg/kg butorphanol (Meiji Seika Pharma, Tokyo, Japan), and urine was collected through
urinary bladder puncture. Mice were euthanized by exsanguination from femoral artery.
Blood and kidneys were collected for serological and histopathological analysis,
respectively.

The harvested kidneys were cut into small slices and fixed with 10% neutral buffered



formalin (NBF), 4% paraformaldehyde (PFA), or 2.5% glutaraldehyde (GTA) in 0.1 M
phosphate buffer (PB) for histopathological analysis, immunofluorescence staining, and

ultrastructural analysis, respectively.

Serum and urine analysis

Serum levels of anti-dsDNA antibody in all mice were measured using Mouse Anti-
dsDNA Ig’s (Total A+G+M) ELISA kit (Alpha Diagnostic International, San Antonio,
TX, USA) to evaluate the autoimmune condition. Serum levels of blood urea nitrogen
(sBUN) and creatinine (sCr) in all mice were measured using Fuji Drichem 7000v
(Fujifilm, Tokyo, Japan) to examine kidney function. Urinary albumin-to-creatinine ratio
(uACR) was determined using Albuwell M and Creatinine Companion kits (Exocell,

Philadelphia, PA, USA).

Histopathological examination

Paraffin embedded blocks of kidney specimens fixed with NBF were cut at a thickness
of 2 um and stained with periodic acid Schiff-hematoxylin (PAS-H) and periodic acid
methenamine silver (PAM) to examine histopathology of the glomerulus.
Immunodetection of cell markers for B cells (B220), T cells (CD3), capillary ECs (CD34),
macrophages (Ibal), podocytes [Nephrin, Podocin, Synaptopodin, and Wilms tumorl
(WT1)], and VEGF A was performed. Staining conditions are listed in Table 1-1. Briefly,
deparaftinised kidney sections were subjected to antigen retrieval. Thereafter, the slides
were submerged in methanol containing 3% H>O; for 20 min at 25°C and blocked with
normal goat or donkey serum. Sections were incubated with primary antibody overnight

at 4°C. After washing in phosphate-buffered saline (PBS), the sections were incubated
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with respective biotinylated or Alexa Fluor 488-labelled secondary antibodies (Table 1-
1) at 25°C for 30 min and then washed with PBS. For immunofluorescence, the tissue
sections were incubated with Hoechst 33342 (1: 200; Dojingo, Kumamoto, Japan) for
nuclear staining at room temperature for 5 min and examined under All-in-One
Fluorescence Microscope BZ-X710 (Keyence, Osaka, Japan). For immunohistochemistry,
the sections were incubated with biotinylated secondary antibody and then streptavidin-
horseradish peroxidase (SABPO kit; Nichirei, Tokyo, Japan) for 30 min followed by
incubation with 3,3-diaminobenzidine tetrahydrochloride-H,O» solution. Finally, the
sections were counterstained with hematoxylin and dehydrated with ascending grades of

alcohols.

Electron microscopy

The author modified the method described by Koga et al. to obtain TEM-like images
using SEM (mSEM, Fig. 1-1) (Koga et al., 2015). Briefly, small pieces of kidney sections
were fixed with 2.5% GTA in 0.1 M PB for 4 h at 4°C followed by post-fixation with 1%
osmium tetroxide (OsOs) in 0.1 M PB for 2 h. Then, specimens were dehydrated with
ascending grades of alcohol and embedded in epoxy resin (Quetol 812 Mixture; Nisshin
EM, Tokyo, Japan). The Epon blocks were cut at a thickness of 500 nm. Semi-thin
sections were mounted on cover glass slides and incubated at 60°C for 30 min after
staining with toluidine blue. The sections were stained with uranyl acetate and lead citrate
for 20 min and 15 min, respectively. The section containing cover glass was mounted on
the specimen stub using two-sided adhesive and sputter-coated for 60 s with Hitachi E-
1030 ion sputter coater (Hitachi, Tokyo, Japan), and then examined using an S-4100 SEM

(Hitachi) with an accelerating voltage of 4 kV.
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For routine SEM, small pieces of GTA-fixed kidney were treated with tannic acid and
post-fixed with 1% OsOg for 1 h. The specimens were dehydrated with grades of alcohol,
transferred into 3-methylbutyl acetate, and finally dried with HCP-2 critical point dryer
(Hitachi). The specimens were then examined with an S-4100 SEM. For TEM
examination, small pieces of kidney were pre-fixed with 2.5% GTA in 0.1 M PB for 4-6
h at 4°C and post-fixed with 1% OsO4 in 0.1 M PB for 2 h at 4°C, and then dehydrated
in grades of alcohol and embedded in epoxy resin. Ultrathin sections were cut at 60 nm
and stained with uranyl acetate and lead citrate. The specimens were observed under a

TEM (JEM-1210; JEOL, Tokyo, Japan).

Histoplanimetry

Digital images of more than 40 randomly selected glomeruli from each mouse were
obtained at 400x magnification using BZ-X710 (Keyence) for all examined parameters.
The size and number of total cells in each glomerulus were determined using PAS-H-
stained sections. The number of B220" B cells, CD3" T cells, Ibal* macrophages, WT1*
podocytes, and the immunopositive area for CD34" capillaries and that for Nephrin®,
Podocin®, or Synaptopdin” reactions in the digital images of glomeruli were measured
using immunofluorescence sections and a BZ-X Analyzer (Keyence). Images of 50
capillaries and their adjacent podocyte were obtained using mSEM examination and
analysed using ImageJ (National Institute of Health, Bethesda, MD, USA) software to

count EF and PFP per micrometre of length.
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Statistical analysis

The results were expressed as the mean + standard error. For comparisons between
healthy controls and diseased mice, a nonparametric Mann—Whitney U test (P < 0.05)
was utilized. The Kruskal-Wallis’s test was used to compare between groups, and multiple
comparisons were performed using Scheffe’s method when significant differences were
observed (P < 0.05). The correlation between two parameters was analysed using

Pearson’s rank correlation test (P < 0.01).
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Results
Pathology of the AGN model

Glomerular histopathology was examined in kidney sections from Yaa mice and their
respective control BXSB mice at 3, 4, and 6 months of age (Fig. 1-2). In BXSB mice, no
GLs were observed in all ages examined (Fig. 1-2A-C). However, Yaa mice showed
specific lesion development depending on age. Yaa mice at 3 months of age did not show
any lesions, but some of them developed mild GN at 4 months of age (Fig. 1-2D and E).
Yaa mice at 6 months of age clearly developed AGN characterised by glomerular
hypertrophy, increased glomerular cell number, and PAS-H-positive material depositions
in the mesangial area (Fig. 1-2F). There was no thickening of GBM in all ages of BXSB
glomerulus (Fig. 1-2G-I) and in Yaa mice at 3 months of age (Fig. 1-2J). Though mild
GBM thickening was observed in Yaa mice glomerulus at 4 months of age (Fig. 1-2k), it
was more thickened and wrinkled in 6-month-old Yaa mice (Fig. 1-2L).

Other histopathological and clinical parameters were estimated at 6 months of age as
Yaa mice showed clear lesions at this age. Yaa mice at 6 months of age displayed
significantly higher values in glomerular size and cell number, an index for systemic
autoimmune abnormality (anti-dsDNA antibody level), and renal functional indices
(uACR, sBUN and sCr) (Table 1-2). These data indicate the development of AGN in Yaa
mice at 6 months of age. Immunohistochemistry for B220, CD3, and Ibal to detect B
cells, T cells, and macrophages, respectively, revealed that they were present in the
glomerulus of Yaa mice at 6 months of age compared with BXSB mice (Fig. 1-3A-F),
and these quantitative results were significantly higher in the former than in BXSB mice

(Fig. 1-3G).
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Loss of glomerular EF with podocyte injury examined through mSEM method in the
AGN model

The author modified and applied the previously described method for quantitative
analysis of EF and PFP, and this was the first attempt at applying mSEM for pathological
analysis (Fig. 1-4). Firstly, the author could examine the same area of normal glomerulus
in 6 months-old BXSB mice using light microscopy (Fig. 1-4A), TEM (Fig. 1-4B-D), and
mSEM (Fig. 1-4E-G). EFs and PFPs were clearly observed through both TEM (Fig. 1-4C
and D) and mSEM (Fig. 1-4F and G). Furthermore, the author also examined the
glomerulus of 6 months-old Yaa mice (Fig. 1-4H-N). EC hypertrophy with loss of EF and
thickened GBM with electron-dense deposits was clearly visible in Yaa mice using both
TEM (Fig. 1-41-K) and mSEM (Fig. 1-4L-N), indicating the usefulness of mSEM to
examine the glomerular ultrastructure, similar to TEM.

Figure 1-5 shows the ultrastructural features of EF and PFP using mSEM and SEM.
mSEM in BXSB mice revealed that EFs and PFPs clearly lined the GBM in all ages
examined (Fig. 1-5A and B). Yaa mice showed normal endothelium with fenestrations at
4 months of age, but slight PFP effacement was also observed at this stage (Fig. 1-5C).
However, in Yaa mice at 6 months of age, thickened GBM with electron-dense deposits
was lined by hypertrophied ECs with loss of EF and injured podocytes with PFP
effacement (Fig. 1-5D). This is consistent with the results obtained using SEM, wherein
BXSB glomerular capillary endothelium contained numerous EFs and normal PFPs at all
stages (Fig. 1-5E and F). However, Yaa mice showed normal glomerular EFs and loss of
EFs at 4 and 6 months of age, respectively (Fig. 1-5G and H). BXSB mice showed normal
PFPs at all examined stages (Fig. 1-5I and J), but Yaa mice at 4 months of age showed

microvillus-like structure protruding from podocytes and mild PFP effacement (Fig. 1-
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5K). Numerous microvillus-like structures and PFPs effacement was observed in Yaa
mice at 6 months of age (Fig. 1-5L). Quantification analysis using mSEM showed that
the number of EFs and PFPs significantly decreased in Yaa mice compared with BXSB

mice (Fig. 1-5M) at 6 months of age.

Downregulation of glomerular capillary endothelium marker, podocyte functional
molecules, podocytes, and VEGF A in the glomerulus of the MPGN model

The author next examined the expression of the capillary endothelium marker (CD34)
and podocyte functional molecules (Nephrin, Podocin, and Synaptopodin) in the
glomerulus of BXSB and Yaa mice (Fig. 1-6A-L). CD34" reactions were detected in the
glomerular and PTC in the BXSB kidney using immunofluorescence staining (Fig. 1-6A
and B, E and F, and I and J). Yaa mice at 4 months of age also showed normal CD34"
expression (Fig. 1-6C, G, and K); however, glomerular capillaries were faint in the Yaa
glomerulus at 6 months of age (Fig. 1-6D, H, and L). Furthermore, linier positive
reactions for podocyte functional molecules (Nephrin, Podocin, and Synaptopodin) were
clearly observed along with the glomerular capillary rete in BXSB mice at 4 and 6 months
of age (Fig. 1-6 A, B, E, F, I, and J). Podocyte functional molecules expression tended to
be faint at the centre of glomerulus in the 4-month-old Yaa glomerulus (Fig. 1-6C, G and
K), but they were faint and tended to be localised only at the peripheral area in the Yaa
glomerulus at 6 months of age (Fig. 1-6 D, H and L). Importantly, podocyte function
molecules were retained in those areas where CD34" capillaries existed in Yaa mice. For
quantification analysis, the immunopositive areas for Nephrin, Podocin, and
Synaptopodin were decreased in 4- month-old Yaa mice compared to in BXSB mice.

However, the immunopositive areas for CD34, Nephrin, Podocin, and Synaptopodin in

16



the glomerulus were significantly decreased in Yaa mice at 6 months of age (Fig. 1-6M).

WT1" podocytes were uniformly distributed throughout the BXSB glomerulus at 4 and
6 months of age (Fig. 1-7Aand B). Yaa mice at 4 months of age showed decreasing
tendency for WT1" podocytes (Fig. 1-7C); however, few podocytes were retained in Yaa
mice at 6 months of age (Fig. 1-7D). The number of podocytes also significantly
decreased in the glomerulus of Yaa mice compared to in BXSB mice at 4 and 6 months
of age (Fig. 1-7E). VEGF A produced by podocytes in the glomerulus is responsible for
the maintenance of the adjacent endothelium (Breier et al., 1992). The author observed a
VEGF A positive reaction in the glomerulus of BXSB mice at all stages (Fig. 1-7F and
G). However, weakly positive results were observed in Yaa mice at 4 and 6 months of age
(Fig. 1-7H and I). The immunopositive area of VEGF A also significantly decreased in
the glomerulus of Yaa mice compared to in BXSB mice at 4 and 6 months of age (Fig. 1-

77).

Pathological correlation between histopathological and clinical parameters

The author examined the statistical correlations of histoplanimetric values including
glomerular EC injury (CD34" area and EF number), podocyte injury (positive area for
Nephrin, Podocin, Synaptopodin, and WT1, and PFP number), VEGF A" area, glomerular
damage indices (glomerular size and cell number), infiltrating immune cells (B cell, T
cell, and macrophage), and clinical parameters (sSBUN, sCr, uACR, and serum anti-
dsDNA antibody level) at 6 months of age (Table 1-3). The CD34" area and EF were
significantly and positively correlated with all examined values, except for sCr. PFP and
VEGF A" areas were also significantly and positively correlated with all examined values,

except for sCr (Table 1-3).
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Discussion

Yaa mice at 4 months of age showed individual discrepancy in the development of
lesions, and some of them showed mild GN characterised by injury of podocytes, but no
abnormalities in endothelium. AGN were clearly observed in 6-month-old Yaa mice. In
this study, the author showed a series of pathological crosstalk between endothelium and
podocytes in different ages of AGN model mice, using mSEM to monitor the progression
of this disease.

TEM 1is usually used for ultrastructural analysis in both basic and clinical studies.
However, TEM sample preparation and ultra-thin sectioning are complex and time-
consuming. Moreover, TEM can examine only a small observation area, and this makes
the quantitative ultrastructure study more laborious and prolonged. Therefore, the author
modified the previously described SEM method (Koga et al., 2015) and demonstrated its
efficacy for renal pathological analysis for the first time. In healthy BXSB mice,
glomerular EF and PFP were clearly observed using both TEM and mSEM. Moreover, in
Yaa mice, clear GLs such as endothelial thickening with decreased EF, loss of podocyte
at the center of the glomerulus, GBM widening, immune-complex (IC) depositions in
GBM, and PFP effacement were detected using both TEM and mSEM. Therefore, nSEM
is an effective method to evaluate the glomerular ultrastructure in both basic and clinical
studies.

The combinations of mSEM and immunostaining methods revealed that Yaa mice had
endothelial injury with EF loss and decreased CD34" area in the glomerulus. Glomerular
capillary endothelium is highly flattened, fenestrated, and has glycocalyx covering the
luminal surface, essential for formation of glomerular ultrafiltrate and permeability

barrier (Ballermann, 2005; Haraldsson et al., 2008; Curry and Adamson, 2012). Therefore,
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EC injury with morphological alternations is crucial for the development of GLs and TILs
in the kidney (Ohashi et al., 2000; Kang et al., 2002). In this study, EF number and CD34"
area decreased and was strongly correlated with the indices for glomerular damage and
renal dysfunction. The author considered autoimmune disease-mediated inflammation as
a key factor for the pathogenesis of endothelial injuries, because of the presence of
glomerular inflammatory cells including B cells, T cells, and macrophages. A previous
study reported that B cells could play a role in antibody production, activation of
pathogenic T cells, and secretion of pro-inflammatory cytokines including tumor necrosis
factor (TNF) and interleukin (IL-6), all of which contribute to GLs in lupus-prone mice
(Chanetal., 1999; Bekar et al., 2010). Moreover, macrophages and their products resulted
in cytotoxicity, basement membrane damage, decreased glomerular filtration rate,
mesangial cell proliferation, and glomerulosclerosis (Nikolic-Paterson and Atkins 2001).
Therefore, the author considered that B cells could play roles not only in antibody
production, but also in the activation of T cells and macrophages, which might cause GN
through endothelial injury.

mSEM revealed loss of podocyte, PFP effacement at 4 and 6 months of age. Similarly,
the immunopositive area for podocyte functional molecules was decreased at 4 and 6
months. These data indicate that mSEM is useful for analysing the glomerular
ultrastructure in the disease state. Podocytes are specialized perivascular cells that
maintain the BUB through formation of podocyte functional molecules and interaction
with adjacent endothelium (Frey and Olson, 2003; Saleem et al., 2002; Scott and Quaggin,
2015; Nagata, 2016). The impaired expression of podocyte functional molecules is a
primary contributor to the development of podocyte injury and subsequent albuminuria

in several glomerular diseases including glomerular sclerosis (Kriz et al., 1998; Orikasa
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etal., 1998; Roselli et al., 2004; Yi et al., 2007; D’ Agati et al., 2011; Unnersio-Jess et al.,
2016). Pro-inflammatory cytokines, including TNF and IL-6, and activated T cells cause
loss of podocyte functional molecule proteins, and disarrangement of the actin
cytoskeleton results in PFP effacement (Kimura et al., 2013).

Interestingly, Toyoda et al. have reported that podocyte detachment and reduced
glomerular EF were related to classical diabetic nephropathy lesion (Toyoda et al., 2007).
Similar to this report, in this Chapter, podocyte diaphragm molecules remained in those
areas where CD34" capillary existed, and podocyte injury indices were strongly
correlated with glomerular capillary injury in Yaa mice. Moreover, other studies have
showed imbalanced production of endothelial nitric oxide, activated protein C, and
endothelin type 1 receptor from glomerular endothelium-mediated podocyte injury in GN
(Isermann et al., 2007; Dachn et al., 2014). These results strongly suggest the functional
correlation between glomerular endothelium and podocytes.

The fenestrated endothelium is usually located adjacent to epithelial cells that express
high levels of VEGF, and the highest level of VEGF mRNA was found in mature
glomerular podocytes (Breier et al., 1992). Furthermore, the formation of glomerular
capillary EF critically depends on VEGF A from differentiated podocytes (Breier et al.,
1992). Eremina et al. have reported that podocyte-specific deletion of a single allele of
VEGF A resulted in loss of endothelial differentiation without any fenestration (Eremina
etal., 2003). Interestingly, VEGF signalling was not involved in the endothelial-podocyte
interaction until advanced podocyte injury was established (Daehn et al., 2014). In this
Chapter, the author showed uniform expression of VEGF A at all ages of BXSB mice.
VEGF A" area began to decrease in 4-month-old Yaa mice glomerulus, but was drastically

reduced at 6 months. Furthermore, the VEGF A" area was strongly correlated with
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podocyte and glomerular endothelial injury only at 6 months. Therefore, a severely
injured and/or reduced number of podocytes produced a lower quantity of VEGF A. This
decreased the bioavailability of VEGF A in the glomerulus, resulting in glomerular
endothelial injury and EF loss.

The BUB is a highly complex biological structure maintained by various
physiochemical molecules and signalling pathways among its three core components
(Menon et al., 2012). The author summarized pathological events in BUB occurring in
the AGN model in Fig. 1-8. ECs are dependent on podocytes for VEGF A to maintain
their morphology and fenestration. However, inflammatory cells cause podocyte injury
resulting in PFP effacement, downregulation of podocyte function molecules, and even
loss of whole podocytes. This injury and loss of podocytes causes proteinuria. Moreover,
loss of podocyte at the center of the glomerulus lead to glomerulosclerosis at that area.
Simultaneously, VEGF A production drastically reduced from the severely injured
podocytes, which aggravates endothelial damage resulting in loss of fenestration. In
addition, imbalanced production of signalling molecules from injured endothelium also
affects podocytes. Hence, glomerular capillary endothelial and podocyte injury mutually
disrupts BUB components and leads to AGN pathogenesis. Therefore, the author looked

forward to clarify tubulointerstitial BUB in next Chapter.
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Summary

In Chapter 1, the author evaluated crosstalk between ECs and podocytes, components
of the glomerular BUB, in the progression of AGN using mSEM analysis as well as other
molecular techniques.

Yaa mice exhibited AGN characterised by elevated serum autoantibody levels,
albuminuria, renal dysfunctional parameters, and decreased EF and PFP effacement with
immune cell infiltration. Similar to TEM, mSEM revealed a series of pathological
changes in GBM and densities of EF and PFP in Yaa compared with control BXSB at
different stages. Further, immunopositive area of endothelial marker (CD34), podocyte
functional molecules (Nephrin, Podocin, Synaptopodin, and WTI1), and VEGF A
significantly decreased in the glomerulus of Yaa compared with BXSB at final stage. The
indices of glomerular endothelial injuries and podocyte injuries were also significantly
correlated with each other and with indices of autoimmune disease and renal dysfunction.

Thus, the author elucidated the pathological crosstalk between ECs and podocytes in

AGN progression and the usefulness of mSEM for glomerular pathological analysis.
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Tables and Figures
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Table 1-1: Summary of immunostaining conditions

B220 CD3 CD34 Ibal Nephrin Podocin Synaptopodin VEGFA WT1

Antl.gen o . TB 105°C,20 CB 105°C,20 0.1% pepsin CB 105°C,20 CB 105°C,20 TB 105°C, 20 CB 105°C,20 CB 105°C, 20
retrieval CB 105°C, 20 min . - o . . . - . .
min min 37°C, 5 min min min min min min
Blocking  10% NGS 10% NGS 10% NGS 10% NGS 5% NDS 5% NDS 5% NDS 5% NDS 5% NDS
Primary  Rat polyclonal Rabbit Rat Rabbit Rabbit Rabbit Mouse Rabbit Rabbit
antibody  antibodies polyclonal polyclonal polyclonal polyclonal polyclonal monoclonal polyclonal polyclonal
(Cedarlane, ON, antibodies antibodies antibodies antibodies antibodies antibodies antibodies antibodies
Canada) (Nichiret, (Abcam, (Wako, (1:500; IBL, ~ (1:800; IBL,  (1:100; (Abcam, (Santa Cruz,
1:1000 Tokyo, Japan) Cambridge, Tokyo, Japan)  Gunma, Gunma, Fitzgerald, Cambridge, Dallas,
1:200 UK) 1:2000 Japan) Japan) MA, USA) UK) TX,USA)
1:400 1:200 1:150
Secondary Goat anti-rat [gG Goat anti- Alexa Fluor Goat anti- Alexa Fluor  Alexa Fluor Alexa Fluor Alexa Fluor  Alexa Fluor
antibody  (CaltagMedsystems, rabbit 488-labeled  rabbit  IgG 546-labeled  546-labeled  546-labeled 546-labeled  546-labeled
Buckingham, UK)  (SABPO kit, donkey (SABPO kit, donkey anti-  donkey anti-  donkey anti-  donkey anti-  donkey anti-
1:100 Nichiret, anti-rat [gG Nichirei, rabbit IgG rabbit IgG mouse IgG rabbit IgG rabbit IgG
(Biotinylated) Tokyo, Japan)  antibodies Tokyo, Japan)  antibodies antibodies antibodies antibodies antibodies
1:100 (1:500; Life ~ 1:100 (1:500; Life  (1:500; Life  (1:500; Life  (1:500; Life  (1:500; Life
(Biotinylated)  Techpologies) (Biotinylated)  Technologies) Technologies) Technologies) —Technologies) Technologies)

CB: Citrate buffer, TB: Tris buffer, NGS: Normal goat serum, NDS: Normal donkey serum
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Table 1-2: Glomerular histopathology and clinical parameters

Glomerular histopathology Autoimmune indices Renal function indices
Glo. size (um?) Glo. cell number  Anti-dsDNA antibody uACR (pg/mg) sCr (ng/dL) sBUN (pg/dL)
(ng/mL)
BXSB 3775.75+113.23 34.16 +0.98 138.09+21.70 144.93 £15.52 0.32 +£0.04 20.60 + 1.49
Yaa 6241.24 + 380.69* 72.75 + 2.44* 712.20 + 80.95* 801.89 £ 157.85*  0.95+0.26* 74.62+ 14.13*

Values = mean + s.e. ": Significant difference from the control group, Mann-Whitney U test ("P < 0.05). N = 4. Glo.: Glomerulus, dsDNA : double-
strand DNA, uACR: urinary albumin-to-creatinine ratio, sCr: serum creatinine and sSBUN: serum blood urea nitrogen, BXSB: BXSB/MpJ and Yaa:
BXSB/Mpl-Yaa.
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Table 1-3. Summary of correlation analysis

CD34" glomerular VEGF A* glomerular

i EF number PFP number B cell T cell Macrophage
capillary area
Groups Parameters p P p p p P p P p p p P p p
CD34 1.000 - 0.995%* <0.001 0.971%* <0.001 0.986%* <0.001  —0.924%* 0.001 —0.979%*  <0.001 —0.975%* <0.001
ECs EF 0.995%* <0.001 1.000 - 0.956%* <0.001 0.98 1%+ <0.001  —0941%*  <0.001 —0.970%*  <0.001 —0.981%* <0.001
VEGF A 0.971%* <0.001 0.956%* <0.001 1.000 - 0.988%* <0.001  —0.904%* 0.002 —0.945%*  <0.001 —0.963%* <0.001
PFP 0.986%* <0.001 0.981%* <0.001 0.988** <0.001 1.000 - —0.929%* 0.001 —0.956**  <0.001  —0.976** <0.001
Nephrin 0.990%* <0.001 0.991%* <0.001 0.974%* <0.001 0.994 %+ <0.001  —0.925%* 0.001 ~0.968" <0.001 —0.976%* <0.001
Podocytes Podocin 0.963%* <0.001 0.973%* <0.001 0.906%* 0.002 0.951%* <0.001 -0.918" 0.001 —0.954"  <0.001 —0.959%* <0.001
Synaptopodin 0.994%* <0.001 0.992%* <0.001 0.974%* <0.001 0.995%* <0.001  —0.928" 0.001 —-0.972" <0.001 —0.978%* <0.001
WT1 0.997%* <0.001 0.991%* <0.001 0.976%* <0.001 0.986%* <0.001  —0.922" 0.108 -0.970" <0.001 —0.970%* <0.001
B cell —0.924%* 0.001 —0.941%*  <0.001 —0.904%+ 0.002 —0.929%* 0.001 1.000 - 880" 0.004 —0.976%* <0.001
I“ﬂa'c‘:l'l‘:‘“’ry T cell ~0.979%%  <0.001  -0.970%*  <0.001  —0.945%* <0001  —0956**  <0.001 0.880 0.004 1.000 ; —0.949%* <0.001
Macrophage —0.975%*  <0.001 —0.981**  <0.001 —0.963**  <0.001 —0.976%* <0001  —0.976**  <0.001 —0.949%*  <0.001 1.000 .
Glo. size —0.920%* 0.001 —0.921%* 0.001 —0.931%* 0.001 —0.932%* 0.001 0.943" <0.001 0.934" <0.001 —0.959%* <0.001
Glomerular
morphology Glo. cell —0.987**  <0.001 —0.982*%%  <0.001 —0.974**  <0.001 —0.976%* <0.001 0.909** 0.002 0.972* <0.001 —0.977** <0.001
sBUN —0.848%+ 0.008 —0.824* 0.012 —0.795% 0.018 —0.835%* 0.010 0.654 0.079 0.818" 0.013 0.724% 0.042
Renal function sCr —0.690 0.058 ~0.700 0.053 —0.664 0.072 —0.689 0.059 0.630 0.094 0.593 0.121 0.696 0.055
uACR —0.864%* 0.006 —0.835%* 0.010 —0.834% 0.010 —0.850%* 0.008 0.646 0.083 0.901" 0.002 0.754* 0.031
Autoimmune Anti-dsDNA ab —0.939%+ 0.001 —0.946**  <0.001 —0.919%* 0.001 —0.924%* 0.001 0.826" 0.011 0.810" 0.015 —0.762* 0.028
abnormality

*P < 0.05 and**P < 0.01, Pearson’s rank correlation coefficient, N = 8 (BXSB and Yaa). ECs: endothelial cells; Cap.: Capillary, EF: Endothelial fenestration, PFP: Podocyte foot process, Glo.: Glomerulus, SBUN: Serum blood urea
nitrogen, sCr: Serum creatinine, uACR: Urine albumin-to-creatinine ratio, -: Not applicable, BXSB: BXSB/MpJ and Yaa: BXSB/Mpl-Yaa.
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2.5% GTA, 2-4 hrs 0s04, 1 hr Epoxy resin block

F.«E_ _

. Uranyl acetate 20 min Semi-thin section (500nm)
MOU-I'Itmg on stub Lead citrate 15 min Mount on cover slide
Coating Toluidine blue staining
Observe under SEM Keep at 60°C for 30 min

Figure 1-1: Illustration of mSEM method

(a) Fixation of small pieces of kidney with 2.5% GTA for 2-4 hours

(b) Post fixation with 1% OsO, for 1 hour.

(c) Embedding in epoxy resin.

(d) Semi-thin sectioning, mounting on cover glass, staining with toluidine blue and
drying.

(e) Staining with uranyl acetate and lead citrate.

(f) Mounting on the specimen stub, sputter coating and examination under SEM

GTA: glutaraldehyde, OsO,: Osmium tetroxide, SEM: scanning electron microscope
and mSEM: modified scanning electron microscope.
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Figure 1-2. AGN in Yaa mice.

(A-F) Glomerular histopathology, PAS-H staining. In BXSB mice, there are no
glomerular lesions observed at 3, 4, and 6 months of age (A-C). In Yaa mice, there are
no lesions found in glomerulus at 3 months of age (D), but mild glomerulonephritis is
found in glomerulus of 4-month-old Yaa mice (E). AGN characterised by increased
glomerular size, cell number, and deposition of PAS-H-positive materials is clearly
observed in glomerulus of Yaa mice at 6 months of age (F). Bars = 50 um.

(G-I) Glomerular histopathology, PAM staining. GBM is normal in glomerulus of 3, 4,
and 6 month-old BXSB mice (G-I). GBM is normal in glomerulus of 3-month-old Yaa
mice (J). Mild glomerular hypertrophy and thickening of GBM is found in Yaa mice at
4 months of age (K). Glomerular hypertrophy, thickening, and wrinkling of GBM are
clearly observed in Yaa mice glomerulus at 6 months of age (L). Bars = 50 um.

BXSB: BXSB/MplJ, Yaa: BXSB/Mpl-Yaa, AGN: autoimmune glomerulonephritis,

PAS-H: periodic acid Schiff-hematoxylin, PAM: periodic acid methaneamine and
GBM: glomerular basement membrane.
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Figure 1-3. Infiltration of immune cells in the glomerulus.
(A-F) Infiltration of immune cells in glomerulus, immunohistochemistry. B220 B cells

(A and B), CD3’ T cells (C and D), and Tbal macrophages (E and F) are abundant in
the glomerulus of Yaa mice (arrows) compared with BXSB mice at 6 months of age.
Bars = 50 pm.

(G) Quantification of immune cells in glomerulus of 6-month-old BXSB and Yaa mice.

Values = mean =+ standard error (s.e.) *: Significant difference from the control group,
Mann-Whitney U test ( P < 0.05); N =4.

BXSB: BXSB/MplJ and Yaa: BXSB/MplJ-Yaa.
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Figure 1-4. Ultrastructures of glomerulus examined by TEM and mSEM in
BXSB and Yaa mice at six months of age.

(A) Glomerulus in BXSB mice, TB staining.

(B-D) Glomerulus in BXSB mice, TEM.

(E-G) Glomerulus in BXSB mice, mSEM.

Dashed box area shows same location using different techniques (A, B and E). Normal
EF (arrowhead) and PFP (white arrow) are clearly observed using TEM (C and D)
and mSEM (F and G). Box area in panels C and F is magnified in panels D and G,
respectively. Bars =5 pm.

(H) Glomerulus in Yaa mutants, TB staining.

(I-K) Glomerulus in Yaa mutants, TEM.

(L-N) Glomerulus in Yaa mutants, mSEM.

The dashed area shows the same location using different techniques (H, I and L).
GBM widening (two headed arrows), endothelial thickening with loss of EF (tailed
arrows), and deposition of electron-dense materials in GBM (black arrows) are clearly
visible using both TEM (J and K) and mSEM (M and N). Box area in panels J and M
is magnified in panels K and N, respectively. Bars = 5 pm.

BXSB: BXSB/Mpl, Yaa: BXSB/MplJ-Yaa, TB: toluidine blue, TEM: transmission

electron microscopy, mSEM: modified scanning electron microscopy, EF: endothelial
fenestration and PFP: podocyte foot process.
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Figure 1-5. Injury of glomerular capillary and podocyte in Yaa mice.

(A-D) Glomerular capillary and podocyte injury, mSEM. There are well-distributed
glomerular capillary EFs (arrowheads) and PFPs (white arrows) in BXSB mice at 4 and
6 months of age (A and B). Normal glomerular capillary EFs (arrowheads), mild PFPs
effacement (white arrowheads), and GBM thickening with hump (dashed area) are
found in glomerulus of Yaa mice at 4 months of age (C). GBM thickening (two headed
arrows) with electron dense materials deposits (arrows), thickened endothelial
cytoplasm with loss of EFs (tailed arrows), and PFP effacement (white arrowheads) are
found in Yaa mice at 6 months of age (D). Bars =5 pm.

(E-H) Injury of capillary and podocyte, SEM. There are normal glomerular capillary
EFs (arrowheads) in BXSB mice at 4 and 6 months of age (E and F) and in Yaa mice at
4 months of age (G), but loss of EF number (tailed arrows) is observed in glomerular
capillary of Yaa mice at 6 months of age (H). There are normal PFPs (white arrows) in
BXSB mice at 4 and 6 months of age (I and J). Yaa mice at 4 months of age show
microvillus-like structure protruding from podocyte and mild PFPs effacement (K), and
Yaa mice at 6 months of age show numerous microvillus-like structures and severe PFP
effacement (white arrowheads) (L). Bars =5 um.
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(M) Number of EFs and PFPs in 4- and 6-month-old BXSB and Yaa glomerulus.
Values = mean + standard error (s.e.) Values = mean + standard error (s.e.). #:
Significant difference from the control at the same age, Mann-Whitney U test (#P <
0.05). *: Significant difference from other groups, Kruskal-Wallis test followed by
Scheffe’s method (*P <0.05); N=4.

BXSB: BXSB/MplJ, Yaa: BXSB/Mpl-Yaa, TEM: transmission electron microscopy,
mSEM: modified scanning electron microscopy, SEM: scanning electron microscopy,
GBM: glomerular basement membrane, EF: endothelial fenestration and PFP:
podocyte foot process.
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Figure 1-6. Loss of glomerular capillary and podocyte function molecules in Yaa
mice

(A-L) Endothelial cell marker (CD34) and podocyte function molecules (Nephrin,
Podocin, and Synaptopodin), immunofluorescence. CD34-, Nephrin-, Podocin- and
Synaptopodin-immunopositive areas are clearly visible in BXSB mice (A and B, E and
F, and I and J), but these are slightly faint at the centre of glomerulus of Yaa mice at 4
months of age (C, G and K) and lost in glomerulus of Yaa mutants at 6 months of age
(D, H and L). Positive reactions for Nephrin, Podocin, and Synaptopodin (D, H and L,

arrowheads) remain in the same areas as CD34" capillary in Yaa mice (arrows). Bars =
50 um.
(M) Immunopositive area for CD34, Nephrin, Podocin, and Synaptopodin in 4- and 6-

month-old BXSB and Yaa mice. Values = mean + standard error (s.e.). #: Significant

difference from the control at the same age, Mann-Whitney U test (#P < 0.05). :
Significant difference from other groups, Kruskal-Wallis test followed by Schefte’s

method ( P < 0.05); N = 4.

BXSB: BXSB/Mpl, Yaa: BXSB/Mpl-Yaa and Syn.: Synaptopodin.
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Figure 1-7. Loss of podocyte and VEGF A in Yaa mice.
(A-D) CD34 " endothelium and WT1 podocytes, immunofluorescence. CD34" capillary
and WT1 podocytes are well distributed in BXSB mice at 4 and 6 months of age (A and

B). In Yaa mutants, WT1' podocytes decrease at 4 months of age (C) but sharply decrease
at 6 months of age (D). Bars = 50 um.

(E) Number of WT1 podocytes in 6-month-old BXSB and Yaa mice. Values = mean +
standard error (s e Slgmﬁcant difference from the control at the same age, Mann-
Whitney U test ( P<0. 05). Slgmﬁcant difference from other groups, Kruskal-Wallis test
followed by Scheffe’s method ( P <0.05). N =4.

(F-D CD34 " endothelium and VEGF A" area, immunofluorescence. Normal distribution
of CD34- and VEGF A area is observed in BXSB mice at 4 and 6 months of age (F and

G). In Yaa mice, VEGF A" areas decrease at 4 and 6 months of age (H and I). Bars = 50
pum.

(J) Measurement of VEGF AJr area in 4- and 6-month-old BXSB and Yaa mice. Values =
mean + standard error (s e. ) Slgmﬁcant difference from the control at the same age,
Mann-Whitney U test ( "P<o0. 05). : Significant difference from other groups, Kruskal-
Wallis test followed by Scheffe’s method (*P <0.05); N=4.

BXSB: BXSB/MplJ, Yaa: BXSB/MplJ-Yaa, Glo.: glomerular, VEGF A: vascular
endothelial growth factor A and WT1: Wilms tumor 1
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Figure 1-8. Pathological alternations of BUB in the development of AGN.
Podocyte produces VEGF A responsible for maintenance of adjacent endothelium.
Increase in inflammatory cells results in podocyte injury, loss of its functional
molecules, and proteinuria. Finally, injury and subsequent loss of podocyte results in
decreased production of VEGF A that aggravates the endothelial damage and loss of
fenestration. Crosstalk between endothelium and podocytes occurs in order to develop
AGN.

AGN: autoimmune glomerulonephritis, GBM: glomerular basement membrane and
VEGF A: vascular endothelial growth factor A.

36



Chapter 2

Role of tubulointerstitial blood-urine barrier (BUB)
injury in tubulointerstial lesion development

-Is there any interaction with glomerular BUB?
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Introduction

In Chapter 1, the author clarified ECs and podocytes are crucial cell to maintain BUB
integrity in glomerulus and disruption of it leads to GLs. Similarly, the author
hypothesized that renal TECs and ECs of PTC form tubulointerstitial BUB which has
important role as a barrier between renal tissues and blood stream, and pathological
crosstalk between them develop TILs. The author clarified this hypothesis in this Chapter.

CKDs often begin with GLs in which circulating or deposited ICs in glomerulus causes
disruption of glomerular BUB components and lead to ultrafiltrations of several proteins
and protein-associated factors (Kriz and LeHir, 2005). Chronic GLs are thought to trigger
TILs by ultrafiltration of several proteins and inflammatory cytokines (Kriz and LeHir,
2005; Nakai et al., 2006). Finally, chronic GLs progress to ESRD through a common
pathway in which progressive tubulointerstitial fibrosis with tubular and PTC damage
(Kriz and LeHir, 2005).

Renal tubules, comprise about 80% of kidney volume, which are wrapped by PTC and
perform many critical renal functions together (Hodgekin and Schnaper, 2012). As the
tubulointerstitium has a high demand of energy, they are more susceptible to deprivation
of nutrition supply and show TILs. In TILs, injury of PTC network of the kidney is
regarded as a key factor (Thomas et al., 1988).

Altered PTC can cause several renal injuries mediated by hypoxia-associated processes
(Ohashi et al., 2000; Fine and Norman, 2008; Mayer, 2011). Local hypoxia in the kidney
also results in tubular atrophy, inflammation, and interstitial accumulation of extracellular
matrix (Fine and Norman, 2008; Mayer, 2011). Loss of VEGF and chronic hypoxia from
damaged tubules lead to microvascular dysfunction in kidneys (Nakagawa et al., 2004;

Fine and Norman, 2008; Olszewska-Pazdark et al., 2009; Mayer, 2011). Moreover, PTC
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ECs have a crucial function in maintaining renal homeostasis and expressing specific
chemokines that control compartment-specific T cell and monocyte recruitment during
inflammation (Lim et al., 2003; Panzer et al., 2006). This functional variability in ECs is
probably associated with differential susceptibilities to apoptosis and differential
responses to microenvironmental changes or stimuli. Therefore, injury of
tubulointerstitial BUB components, including PTC ECs and TECs, results in TILs.
However the crosstalk between PTC ECs and TECs has not been fully elucidated yet.

In this study, the author used mice subjected for unilateral ureteral obstruction (UUO)
as TIL model mice. Since other researchers have shown the involvement of renal capillary
in the advance of human and experimental animal GN (Shimizu et al., 1997; Takahashi
et al., 1998; Kusano et al., 2016), the author also used Yaa mice as GN model to clarify
the crosstalk between PTC ECs and TECs in GN.

In Chapter 2, the author clearly elucidated the pathological crosstalk between BUB
components, including PTC ECs and TECs, which results in the progression of TILs
development. Moreover, the association between glomerular and tubulointersitial BUB

was also established in GN model mice.
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Materials and Methods
Ethical statements
The author was adhered to ethical guideline during all animal experimentations as

described in Chapter 1.

Experimental animal

Six month-old male Yaa mice were used for the GL model, and same-aged male BXSB
mice were used as healthy controls. To create the TIL model, eight-week-old male
C57BL/6 mice were subjected to UUO for 7 days. The kidney paired with the UUO
kidney in the same mouse was used as a normal control. Briefly, mice were deeply
anesthetized with a mixture of 0.3 mg/kg medetomidine (Kyoritsu Seiyaku), 4 mg/kg
midazolam (Astellas Pharma), and 5 mg/kg butorphanol (Meiji Seika Pharma), and
laparotomy in the sublumbar region was performed to ligate the right ureter tightly with
silk thread at the renal hilus. Buphrenorphine hydrochloride (Otsuka Pharmaceuticals,
Tokyo, Japan) was injected intraperitoneally at a dose rate of 0.3 mg/kg as an analgesic.
Recovery from anesthesia was facilitated by intraperitoneal administration of 0.3 mg/kg

atipamezole (Zenoaq, Tokyo, Japan).

Sample preparation, serum and urine analysis, and electron microscopy

These methods were performed as described in Chapter 1.

Histopathological examination
Histopathological examinations using PAS-H and PAM technique was performed as

described in chapter 1. Immunodetection of different cell markers was performed
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according to the procedures shown in Table 2-1.

Histoplanimetry

Digital images of over 30 tubulointerstitial areas randomly selected from each mouse
were obtained at 400x magnification using an All-in-One Fluorescence Microscope BZ-
X710 (Keyence). The number of CD34" capillaries observed in the digital images of
glomeruli were counted using immunohistochemical sections and a BZ-X Analyzer
(Keyence). Further, glomerular damage was semi-quantitatively scored according to
methods described by Ichii et al. (Ichii et al., 2008). For TILs, the numbers of B220" B
cells, CD3" T cells and IL-1F6/IL 360" damaged tubules throughout the cortex were
counted. Additionally, CD34" PTC, Ibal” macrophages, and aSMA™ reaction areas in the
tubulointerstitium were counted using immunohistochemical sections and a BZ-X

Analyzer (Keyence), based on digital images of the renal cortex.

Visualization of the renal vasculature

After euthanasia, rubber (Microfil, Flow Tech, Inc. Massachusetts, USA) was perfused
through left ventricles according to a method described by Walker et al. (Walker et al.,
2011). Then, dissected kidneys were fixed with 4% PFA in 0.1 M PB overnight at 4°C.
Fixed kidneys were cut into 200-pum-thick sections using a microslicer (DSK Microslicer
DTK-3000, Ted Pella, Inc. California, USA) and hydrated with an ascending series of
alcohols. Finally, thick sections were cleared with methyl salicylate and examined under
a BZ-X Analyzer of an All-in-One Fluorescence Microscope BZ-X710 (Keyence) to

obtain Z-stack images.
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Statistical analysis
The results were expressed as the mean =+ standard error. Statistical analysis was

performed as described in Chapter 1.
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Results
TILs in GL and TIL models

In the GL model, Yaa mice clearly developed GN as well as TIL characterized by
glomerular hypertrophy, increase in glomerular cell number, dilatation of tubules,
presence of urinary cast in tubules, infiltrating cells in tubulointerstitial spaces , whereas
control BXSB mice did not any lesion (Fig. 2-1A). No obvious GLs were observed in the
TIL model, but UUO kidneys showed severe TILs characterized by dilated tubules with
urinary casts, dilation of renal tubular lumens, and immune cell infiltrations in the
tubulointerstitium (Fig. 2-1A). Numerous B220" B cells, CD3" T cells, and Ibal®
macrophages were observed in TILs of Yaa mice and UUO kidney compare to their
respective controls (Fig. 2B-D). In quantitative analysis, significant number of B cells, T
cells and macrophages were found in the TILs of Yaa mice and UUO kidney, relative to
those in the control kidneys (Fig. 2-1E). With MT staining (Fig. 2-1F), aniline blue-
positive sclerotic and fibrotic lesions were observed in GLs of Yaa mice and TILs of UUO
kidneys, respectively, but these were not found in their respective controls.

CD34 immunostaining revealed positive reactions in the capillary endothelium of
glomerulus and in the tubulointerstitium (Fig. 2-2A). The localizations and intensities of
CD34" PTC were not comparable between Yaa and BXSB mice. However, UUO kidneys
showed a decreased number and intensity of CD34" reactions in TILs. Interestingly,
CD34— capillaries, capillaries with lumens that showed no CD34+ staining, were also
found in UUO kidneys. In control kidneys for GL and TIL model, CD34" PTCs were
observed clearly in both the glomerulus and tubulointerstitium.

IL-1F6/IL-36" tubules were detected in TILs as it shows its immunoexpression on

damaged renal tubules (Ichii et al., 2010). The author observed, IL-1F6/IL-36" tubules
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were more in Yaa mice and UUO kidney compare to control kidney (Fig. 2-2B). As for
TIL parameters such as the number of aSMA+ myofibroblasts, and IL-1F6/IL-36a"
damaged renal tubules in the renal cortex, UUO kidneys showed significantly higher
values than control kidneys (Fig. 2-2C). Yaa mice also showed significantly higher values
for IL-1F6/IL-360." damaged renal tubules than BXSB mice (Fig. 2-2C). Further, UUO
kidneys showed significantly higher values for aSMA™ myofibroblasts, and IL-1F6/IL-
360" damaged renal tubules than kidneys in GL mice (Fig. 2-2C). CD34" PTCs decrease

significantly in UUO kidneys compared to others (Fig. 2-2C).

Alterations in glomerular and tubulointerstitial BUB components

In thick sections of rubber-injected kidneys (Fig. 2-3A), alterations in both glomerular
and PTCs were not obvious in Yaa and BXSB mice. However, PTCs loss was evident in
UUO kidneys, in contrast to control kidneys which showed a fine capillary network.

In ultrastructural observation of the glomerular BUB in both model mice by TEM,
thickened glomerular capillary endothelium and PFP effacements was observed only in
Yaa mice (Fig. 2-3B-a). Other mice showed normal glomerular capillary endothelium and
podocyte (Fig. 2-3B-b, ¢ and d).

In ultrastructural observation of the tubulointerstitial BUB in both model mice by TEM,
thickened PTC ECs with subendothelial space was observed only in Yaa mice compare
to its normal control (Fig. 2-3C-a and b). However, in the TIL model, PTC injuries were
clearly observed in UUO kidneys (Fig. 2-3C-c). These injuries were characterized by
stratification of thickened endothelial cytoplasms with vacuolation, and wide
subendothelial spaces were also found in PTCs (Fig. 2-3C-c). Control kidneys showed

normal PTC and TEC (Fig. 2-3C-d).
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Correlations between the number of CD34+ capillaries and histopathological indices
in GL and TIL models

The number of CD34" PTC was significantly and negatively correlated with the
number of infiltrating B220" B cells, CD3" T cells, Ibal* macrophages, 1L-1F6/IL-360"
damaged renal tubules, and aSMA " myofibroblasts in the TILs of TIL model mice (Table
2-2), but only with infiltrating CD3" T-cells and Ibal™ macrophages in GL model mice
(Table 2-2). As both GLs and TILs were observed in GL model mice only, the author
performed correlation analysis between indices for GLs and TILs. The author found that
number of CD34" PTC and IL-1F6/IL-360" damaged renal tubules were significantly
correlated with indices for GLs, including glomerular damage score, uACR, CD34"

glomerular capillary, WT1* podocyte, in GL model mice (Table 2-3).
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Discussion

BUB components, including PTC and TEC, are essential for renal oxygen supply and
maintenance of kidney tubulointerstitial hemodynamics (Kang et al., 2002; Nangaku,
2004). It has been indicated that TILs activate the endothelium, which may correlate with
enhanced inflammation and activation of coagulation that favors further capillary and
interstitial injury (Pichler et al., 1995; Ishidoya et al., 1996). Eventually, persistent TILs
cause a loss of PTC (Nicolic-Paterson et al., 1994). In the present study, TIL models were
created by UUO. TILs model mice clearly showed a decrease in CD34" PTC with the
progression of TILs, characterized by an increase in infiltrating cells and myofibroblasts,
as well as damaged tubules in the tubulointerstitium. Furthermore, the ultrastructural
study revealed capillary injuries in TILs in detail. These injuries were characterized by
thickened and stratified endothelial cytoplasm with vacuolation, loss of fenestration, and
detaching endothelia with subendothelial vacuolation. Thus, our results clearly indicate
pathological correlations between TILs and PTC injury and/or loss in tubulointerstitium
in UUO-based TIL models.

In particular, the number of infiltrating CD3" T cells strongly correlated with the
number of CD34" PTC in TILs of UUO models. Therefore, the author presumed that
interstitial T cells mediate inflammation and the accumulation of macrophages in the
tubulointerstitium. Importantly, an increase in Iba-1" macrophages significantly
correlated with a decrease in CD34" PTC in the present study. Another study showed that
apoptosis of ECs triggered capillary regression by blocking blood flow to the site of
apoptosis in macrophage-dependent cell death (Meeson et al., 1996). Renal fibrosis
results from reduced endothelial proliferation following alterations in local expression of

both angiogenic and antiangiogenic factors, and this imbalance is mediated by
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macrophage-associated cytokines, such as interleukin 1 beta (IL-1P), and vasoactive
mediators (Kang et al., 2002). Based on these findings, the author considered
tubulointerstitial inflammation, especially macrophage infiltration underlie the injury of
capillary ECs and the subsequent net loss of capillaries.

The present study revealed a significant correlation between the number of CD34" PTC
and the numbers of IL-1F6/IL-360" damaged renal tubules in UUO kidney. Evidently,
loss of PTC caused TILs because of local hypoxia, because PTC and renal tubules show
functional crosstalk to maintain normal renal interstitial structure and function, including
preserving the blood supply to maintain TECs. This speculation is strongly supported by
previous study indicating that renal ischemia caused by vascular obliteration is a major
contributor to renal fibrosis (Fine and Norman, 2008). Moreover, the TECs are source of
VEGTF in the tubulointerstitium (Schrijvers et al., 2004). Therefore, the author concluded
that injury and/or loss of PTC contribute to the progression of tubular damage and vice-
versa.

The Yaa mouse is a model of spontaneous AGN, with hyperproliferation of pathogenic
B cells resulting from a Yaa mutation that contributes to autoantibody production,
activation of pathogenic T cells, and secretion of pro-inflammatory cytokines that
contribute to the development of GLs (Ichii et al., 2008 and 2010; Bekar et al., 2010;
Kimura et al., 2011; Nowling and Gilkeson, 2011). Importantly, the author showed the
positive correlation between damaged renal tubules and glomerular histopathological
indices. Therefore, the author considered that GL events appear earlier and were severer
than TILs in Yaa mice. However, because glomerular efferent arterioles directly connect
to branches of PTC, a reduction in blood supply to the glomerulus because of GLs might

affect TILs. Further, no significant GLs were noted in UUO models. Importantly, number
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of CD34" PTC didn’t significantly changed between BXSB and Yaa mice, but correlated
with infiltrating T cells and macrophages in TILs. The author hypothesized that loss of
CD34" PTC didn’t occur drastically in Yaa mice but change in capillary endothelial
structure and immunogenicity would contribute to TILs in Yaa mice which is clarified in
next Chapter.

Furthermore, podocyte injury is a critical event that causes albumin hyperfiltration
from glomerular capillaries (Kimura et al., 2013). Indeed, the author showed PFP
effacement in GL model mouse kidneys, but not in those of the TIL model mouse. Thus,
pathological changes in the glomerular microenvironment resulting from injury of
podocytes and capillary endothelia coordinately aggravate GLs and lead to an elevation
in uACR. The present study revealed a significant correlation between the numbers of IL-
1F6/IL-360" damaged renal tubules and uACR in GL model. Moreover, CD34" PTC was
correlated with glomerular damage score, CD34" glomerular capillary and WT1"
podocyte number. Therefore, the author speculated that injury of glomerular BUB injury
leads to proteinuria which in turn affects tubulointerstitial BUB components and results
in TILs in GL model.

Thus, in Chapter 2, the author elucidated the pathological crosstalk between TECs and
PTCs in TILs progression. In addition, defective interactions between glomerular and
tubulointerstitial BUB in GL model was clearly revealed. A close correlation between the
number of inflammatory cells in the kidney and the injury of glomerular and
tubulointerstitial BUB was found in first two chapters. Therefore, the author focused on

the BUB component as an immunological candidate in next Chapter.
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Summary

In the previous Chapter, the author elucidated the pathological crosstalk between
components of glomerular BUB. In Chapter 2, the author revealed tubulointerstitial BUB
which composed of renal TECs and ECs of PTC, and pathological crosstalk between them
developed into TILs.

UUO-treated TIL model mice showed severe TILs and decreased CD34" PTCs
compared to those in untreated control kidneys. However, Yaa, the GL model mice
developed severe GLs and TILs, and the number of CD34" PTC was comparable between
BXSB and Yaa mice. Infiltrations of B cells, T cells, and macrophages increased
significantly in the respective lesions of both disease models. IL-1F6/IL-36a" damaged
renal tubules also increased in TILs of both model mice kidney. In observations of
microfil rubber-perfused thick kidney sections by fluorescence microscopy, segmental
absences of PTCs were observed in TILs of UUO-treated mice only. Further, TEM
revealed tubulointerstitial BUB injury in TIL model, and both glomerular and
tubulointerstitial BUB injury in GL model mice kidney. The numbers of CD34" PTCs
significantly and negatively correlated with the number of all examined indices for TILs
in TIL model mice, but only with those in infiltrating CD3" T cells and Ibal” macrophages
in GL model mice. Moreover, CD34" PTC in GL model mice was correlated with indices
for GLs in GL model mice.

In Chapter 2, the author clearly revealed the pathological crosstalk between
tubulointerstitial BUB components, which results in TILs development. Moreover, the
author also emphasized the association between glomerular and tubulointersitial BUB in

GL model mice.
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Tables and Figures
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Table 2-1. Summary of immunostaining conditions.

aSMA CD34 IL-1F6/IL-360
Antigen retrieval CB 105°C,20min  CB 105°C, 20 min CB 105°C, 20 min
Blocking 10% NGS 10% NGS 5% NDS
Primary antibody Rabbit polyclonal Rat polyclonal Goat polyclonal
antibodies (Abcam, antibodies antibodies (R&D
Cambridge, UK) (Abcam, Systems,
1:3000 Cambridge, UK)  Minnesota, USA)
1:400 1:400
Biotinylated Goat  anti-rabbit Goat anti-rat Donkey anti-goat
secondary antibody (SABPO kit, IgG IgG (Santa Cruz,
Nichirei, Tokyo, (Caltag California, USA)
Japan) Medsystems, 1:100
1:100 Buckingham, UK)

1:100

CB: Citrate buffer, NGS: Normal goat serum, NDS: Normal donkey serum
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Table 2-2. Correlation between CD34" PTC and histopathological parameters of TILs in

GL and TIL model mice.

Indices for Ti. histopathology

Ti. B220"B  Ti. CD3" Ti. Ibal® IL-1F6/IL- Ti. tsSMA™

CD34" PTC cells Tcells  macrophages 360 renal  myofibroblasts
tubules
GL p -0.130 -0.813* -0.786* -0.683 -
model P 0.456 0.0102 0.002 0.060 -
TIL p  -0.857**  -0.970** -0.857** -0.913** -0.905%*
model P 0.007 0.001< 0.007 0.002 0.002

Ti.: tubulointerstitial; GLs: glomerular lesions; TILs: tubulointerstitial lesions, IL-1F6:
interleukin 1 family, member 6; -: not determined; *P < 0.05 and **P < 0.01, Spearman’s
correlation coefficient; N = 8 (Diseased and respective control).
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Table 2-3. Correlation between indices for GL and TIL in GL model mice.

Glo. damage uACR CD34" Glo. WTI1+ Pod.
score capillary
CD34+ PTC p -0.950** -0.641 0.880** 0.812*
P 0.001 0.083 0.004 0.015
IL-1F6/IL-360." p 0.875%* 0.907** -0.905** -0.781*
renal tubules P 0.004 0.002 0.002 0.050

Glo.: glomerular; Pod.: podocyte, uACR: urinary albumin-to-creatinine ratio GL:
glomerular lesion, and PTC: peritubular capillary. N = 8§ (BXSB and Yaa); -: not
determined; *P < 0.05 and **P < 0.01, Spearman’s correlation coefficient. BXSB:
BXSB/MplJ and Yaa: BXSB/MplJ-Yaa.
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Figure 2-1. GLs and TILs in GL and TIL mouse models.
(A) GLs (dashed area) and TILs (arrow) in Yaa (GL model) and UUO kidney (TIL model)
and, their respective controls. PAS-H staining. All bars = 100 pm.

(B-D) Analysis of B220 B cell, CD3' T cells, and Tba-1" macrophage infiltration in TILs
of Yaa mice and UUO mice and, their respective controls. Immunohistochemistry.

(E) Indices for the number of infiltrating B220' B cells, CD3' T cells, and Tbal’
macrophages in the model mice Slgmﬁcant difference from the control at the same age,
Mann-Whitney U test ( P < 0.05). Slgnlﬁcant dlfference from other groups, Kruskal-

Wallis test followed by Scheffe’s method ( P <0.05, P <0.01); N=4.a,b,c,and d
denote BXSB, Yaa, Control, and UUO kidney, respectively.

(F) Evaluations of renal fibrosis in the kidneys of Yaa mice and UUO mice and, their
respective controls. MT staining. All bars = 100 um.

GLs: glomerular lesions, TILs: tubulointerstitial lesions, PAS-H: periodic acid Schift-

hematoxylin, MT: Masson’s trichrome, BXSB: BXSB/MpJ, Yaa: BXSB/MpJ-Yaa and
UUQO: unilateral ureteral obstruction.

55



O

GL models TIL models

Yaa BXSB uuo Control
<t ¥
o r'd r'd
) o
Q r'e
e ————
U-_'ﬁ % "' o2 e S il
3 e RS SA
B radh Al SRR
— I ki S AN
— d > vl ¥ )
i ' -ﬁ WG
1. W L\
:l # X 1 3 | e— e
aSMA* IL-1F6/IL-36a* CcD34+
myofibroblasts/focus renal tubules/cortex capillaries/focus
16,000 # 60
14,000 400 # 50
—12,000 850
) ~ 300 & 40
£ 10,000 @ 350 2
= 8,000 'E 300 £ 30
# 5
s 6,000 S 150 *x Z2
< 4,000 ; < 100
L2000 1 % « 50 4 ** i i A0
0 N 0 0
BXSB Yaa UUO Control BXSB Yaa UUO Control BXSB Yaa UUO Control

Figure 2-2. PTC and TEC injury-associated histological parameters in both GL
and TIL models.

(A) Analysis of CD34 cells in Yaa mice and UUO kidney and, their respective
controls.. Immunohistochemistry. All bars = 100 pm.

(B) IL-1F6/IL-360. damaged tubules in Yaa mice and UUO kidney and, their
respective controls. Immunohistochemistry. All bars = 100 um.

(C) Indices for tubulointerstitial damage, including the area of aSMA" myofibroblasts

and the number of IL-1F6/IL-360" damaged tubules and CD34" capillaries in the
model mice.

#: Significant difference from the control at the same age, Mann-Whitney
Utest *P < 0.05). Significant difference from the other groups, Kruskal-Wallis

test followed by Scheffe’s method (*P <0.05, **P <0.01); N=4.a, b, c, and d denote
BXSB, Yaa, Control, and UUO kidney, respectively.

GL: glomerular lesion, TIL: tubulointerstitial lesion, BXSB: BXSB/MplJ, Yaa:

BXSB/MplJ-Yaa, UUO: unilateral ureteral obstruction and IL-1F6: interleukin-1
family, member 6.
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Figure 2-3. Structural alterations in BUB of model mice.

(A) Capillary structures in the kidneys of Yaa mice (a), UUO kidney (c), and their
respective controls (b and d), visualized in thick kidney section following by rubber
perfusion. Bars = 200 um. Asterisks indicate segmental loss of PTCs.

(B) Ultrastructures of glomerular BUB in model mice by TEM. Thickened glomerular
capillary endothelium (white tailed arrow) and PFP effacement (thin black arrow) in
Yaa mice (panel a). Glomerular capillary endothelium (black arrowhead) and
podocytes (thick black arrow) are well preserved in BXSB mice, UUO kidney and its
collateral control kidney (panel b, ¢ and d). All bars =2 pm.

(C) Ultrastructures of tubulointerstitial BUB in model mice by TEM. Thickened PTC
endothelial cytoplasm (black tailed arrow) with subendothelial space (thick empty
arrow) in Yaa mice (panel a). Normal PTC endothelial cytoplasm (black arrowhead)
and TEC (white asterisks) in BXSB mice (panel b). Thickened and stratified
endothelial cytoplasm in PTC of UUO kidney (black tailed arrows) with
subendothelial space (thick empty arrow) (panel c). Control kidneys shows normal

PTC endothelial cytoplasm (black arrowhead) and TEC (white asterisks) (panels d).
All bars =2 pum.

GL: glomerular lesion, TIL: tubulointerstitial lesion, BXSB: BXSB/MpJ, Yaa:
BXSB/MplJ-Yaa, UUO: unilateral ureteral obstruction, BUB: blood-urine barrier,
TEM: transmission electron microscopy, PTC: peritubular capillary, TEC: tubular
epithelial cell, and PFP: podocyte foot process.
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Chapter 3

Immunological role of blood-urine barrier components
through Toll-like receptor 9 in autoimmune

glomerulonephritis
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Introduction

In first two Chapters, the author showed that injury of BUB components was crucial
for developing GLs and TILs in male Yaa mice. Importantly, the severity of GLs is greater
in males than in females because of a mutation called “Yaa " (Santiago-Raber et al., 2004;
Subramanian et al., 2006). This Yaa locus contains approximately 15 genes including 77r7
and T/r8 (Subramanian et al., 2006). Moreover, increased expression of 7/rl, 2, 7, 8, 9,
and /3 was found in the glomeruli isolated from Yaa mice (Kimura et al., 2014).
Importantly, BUB components, including ECs, podocytes and TECs are recognized as
active participants in the host’s innate immune response to infection and injury.
Endogenous TLR ligands may act as danger signals relaying the presence of tissue injury
to immune cells or BUB component cells, thereby inducing inflammation and damage of
local tissue (Baccala et al., 2009; Garraud and Cognasse, 2010; Salvador et al., 2016; Xia
etal., 2017).

TLRs act as sentinel receptors for the mammalian innate immune system. The role of
TLRs in renal pathogenesis indicates that TLRs can mediate both pathogen recognition
and immune activation (Akira et al., 2001). Interactions between TLR members and their
endogenous ligands play important roles in the pathogenesis of noninfectious injury. TLR
ligands may act as danger signals relaying the presence of tissue injury to immune cells
or local intrinsic cells, thereby inducing inflammation and damage of local tissue (Baccala
et al., 2009; Garraud and Cognasse, 2010). Different studies have shown that TLRs are
expressed in intrinsic renal cells and are involved in the pathogenesis of several kidney
diseases (Baccala et al., 2009; Garraud and Cognasse, 2010). In the kidney, TECs and
mesangial cells express TLR1 through 4 and 6; ECs express TLR2, 4, and 9; and

podocytes express TLR1 through 6, 8, and 9 (Tsuboi et al., 2002; Patole et al., 2006;
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Eleftheriadis et al., 2012; Gurkan et al., 2013).

Among the members of TLR family, TLR9 shows most discrimination both in
expression and its role in kidney disease development. Benigni et al. showed intense and
diffuse expression of TLR9 in proximal tubules, but not in the glomerulus, of Class V
lupus nephritis (Benigni et al., 2007). Another study showed TLR9 expression in
tubulointerstitium and glomerulus of patients with renal disease, but only in the
tubulointerstitium of normal kidney (Papadimitraki et al., 2009). Machida et al. found
that TLRO is expressed on the podocytes of children with active lupus nephritis; TLR9
expression was also found in the glomerular endothelium of patients with bacterial CpG-
DNA induced GN (Anders et al., 2003; Machida et al., 2010). However, the roles of TLR9
expression in both BUB component cells in AGN pathogenesis have not yet been clarified.

Most kidney diseases are not directly associated with pathogens. It is thought that
the activation of local and systemic immune responses contributes to renal dysfunction
(Anders et al., 2003). In autoimmune diseases, ICs produced in situ or deposited from the
bloodstream can activate both cellular and humoral immunity in the kidney (Conti et al.,
2016). Concurrently, innate immunity and resident renal cells contribute to the
inflammatory, destructive, and renoprotective processes (Conti et al., 2016). However,
the roles of these mechanisms in the development of AGN remain unclear.

Importantly, overexpression of 7/r8 encoded on mutated locus associated with AGN-
mediated podocyte injuries in Yaa mice (Kimura et al., 2014). Though 77r7 and &8 are
located in Yaa mutation of Y-chromosome but they have functional correlation with 7779
which located in autosome (Gorden et al., 2006; Shirali and Goldstein, 2008). However,
the role of TLRY on BUB defects has not been clearly investigated in AGN.

In Chapter 3, the author found that 7/79 coded on autosome also closely correlated with
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GLs and TILs development through the injury of glomerular and tubulointerstitial BUB

components in AGN model mice.
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Materials and methods
Ethical statements
The author was adhered to ethical guideline during all animal experimentations as

described in Chapter 1.

Experimental animal
Six-month-old Yaa mice were used as autoimmune AGN model and age-matched

BXSB mice served as the control.

Sample preparation, serum and urine analysis, and electron microscopy

These methods were performed as described in Chapter 1.

Histopathological examination
As described in chapter 1. Immunodetection of different cell markers was performed
as described in Chapter 1. Details of antibodies and their treatment are shown in Table 3-

1.

Glomerular isolation

Glomerular isolation was performed as described previously (Takemoto et al., 2002).
Briefly, 40 mL of Hank’s Balanced Salt Solution (HBSS) containing 8 x 107 Dynabeads
(Life Technologies, Yokohama, Japan) was perfused through the left ventricle of the heart.
The harvested kidneys were digested with collagenase A (I mg/mL; Roche, Basel,
Switzerland) and deoxyribonuclease I (100 U/mL; Life Technologies) in HBSS at 37°C

for 30 min. The digested tissue was gently pressed with a flattened pestle through a 100-

62



um cell strainer (BD Falcon, Franklin Lakes, NJ, USA). The collected cell suspension
was centrifuged at 15 x 100 g for 5 min, and the supernatant was discarded. The cell pellet
was re-suspended in 1 mL of HBSS. The glomeruli containing Dynabeads were collected
using a magnetic particle concentrator (Life Technologies) and used for total RNA

isolation.

Tubulointerstitium isolation

Frozen sections were cut at 5 um thickness and stained with toluidine blue. Firstly, all
glomeruli were removed from a kidney section by laser microdissection using a
MicroBeam Rel.4.2 (Carl Zeiss; Oberkochen, Germany). Whole kidney sections

lacking glomeruli were collected manually for further analysis from each mouse.

Reverse transcription and real-time PCR

Total RNA was extracted from the isolated glomeruli and tubulointerstitium using an
RNeasy kit (Qiagen, Hilden, Germany). Complementary DNA (¢cDNA) was synthesized
from total RNA by reverse transcription using ReverTra Ace qPCR RT Master Mix with
gDNA Remover (Toyobo, Osaka, Japan). cDNA was used in real-time PCR with
THUNDERBIRD SYBR gqPCR mix (Toyobo) and CFX Connect™ Real-Time PCR
Detection System (Bio-Rad Laboratories, Inc., Tokyo, Japan). Gene expression in the
glomeruli was normalized to the expression of B-actin (4Actb). The primer pairs are shown

in Table 3-2.

In situ hybridization

Formalin-fixed paraffin-embedded RNAscope 2.5 assay was used for in situ Tir9
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mRNA hybridization in the glomerulus. NBF-fixed paraffin-embedded kidney specimens
from 6-month were sectioned at the thickness of 5 um and air dried overnight, followed
by baking in an oven for 1 h at 60°C. All procedures for in situ hybridization of mouse
Tlr9 mRNA, and Fast Red-A and -B staining of the hybridized genes, were performed
according to the manufacturer’s instructions for RNAscope® 2.5 HD Reagent Kit-RED
(Advanced Cell Diagnostics, Inc., Hayward, CA, USA), RNAscope®. Target Probe-Mm-
Tir9, Mouse (Cat. No. 468281; Advanced Cell Diagnostics, Inc., Hayward, CA, USA),
RNAscope® Positive Control Probe-Mm-Polr2a (Cat. No. 312471; Advanced Cell
Diagnostics, Inc., Hayward, CA, USA), and RNAscope® Negative Control Probe-DapB
(Cat. No. 310043; Advanced Cell Diagnostics) was used according to the manufacturer’s

instructions.

Histoplanimetry

Digital images of randomly selected over 30 glomeruli or 30 tubulointerstitial areas
from each mouse were acquired at high magnification (400x) using a BZ-X710
fluorescence microscope (Keyence). The glomerular histopathological indices were
measured as described in Chapter 1 and 2. The immunopositive areas for TLR9, Nephrin,
Podocin, and Synaptopdin in the digital images of the glomeruli were assessed using a
BZ-X Analyzer (Keyence). To evaluate 71r9 expression levels assayed via in situ
hybridization, digital images of over 10 glomeruli were randomly selected from each
mouse; the number of signals, expressed as dots, were manually quantified at high
magnification (400x) using a BZ-X710. The tubulointerstitial histopathological indices
and CD34" PTC was counted as described in Chapter 2. The number of 7/r9" PTC in the

digital images of the tubulointerstitium were assessed using a BZ-X Analyzer (Keyence).
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There were 100 PTCs were selected randomly from each mouse using images obtained
from mSEM. Among these, PTC showing EC thickening with loss of fenestration,

irregular and narrow capillary lumina was considered as injured PTC.

Statistical analysis
The obtained results were expressed as the mean + standard error and statistically
analyzed using a nonparametric Mann-Whitney U-test (P < 0.05). The correlation

between two parameters was analyzed using Spearman’s rank correlation test (P < 0.05).
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Results
GLs and TILs in Yaa mice
Glomerular and tubulointerstitial histopathology was examined using kidney sections
acquired from Yaa mice and control BXSB mice at 6 months of age shown in Chapter 1
and 2 (Chapter 2, Fig. 1). Greater numbers of B220" B cells, CD3" T cells, and Ibal”
macrophages were found in the GLs and TILs of Yaa mice compared to those of BXSB
mouse (Chapter 1, Fig. 1-3; Chapter 2, Fig. 2-2). These results indicate that Yaa mice

developed GLs and TILs at 6 months of age.

Systemic clinical manifestations in Yaa mice

Yaa mice also showed significantly higher values for the index of systemic autoimmune
abnormality (anti-dsDNA antibody), proteinuria (uACR), and renal functional indexes
(sBUN, and sCr) compared to those of BXSB mice at 6 months of age (Chapterl, Table
1-2). These results indicate that Yaa mice demonstrated systemic autoimmune

abnormalities and kidney dysfunction at six months of age.

Overexpression of TIr9 and its downstream factors in the glomeruli and
tubulointerstitium of Yaa mice

The author examined mRNA expression levels of 7/r9 and its downstream genes (Fig.
3-1A-B). Quantitative real-time PCR, used to assess the expression of 77r9 mRNA in the
glomeruli and tubulointerstitium isolated from 6-month old mice, showed that the levels
of Tlr9 mRNA were higher in Yaa mice than in the control BXSB mice (Fig. 3-1A-B).
The expression of inflammatory cytokines in the NF-kB pathway, including interleukin 1

beta (//1b), 116, interferon gamma (Ifng), and tumor necrosis factor (7nf) was higher in
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the glomeruli and tubulointerstitium of Yaa mice than in those of BXSB mice at 6 months

of age (Fig. 3-1A-B).

In situ expression of Tir9 in AGN model mice kidney

First, the negative and positive control probes were examined using in situ
hybridization in the glomeruli of Yaa mice at 6 months (Fig. 3-2A-B). A scant number of
signals for 71r9 mRNA was detected by in situ hybridization in the glomeruli of BXSB
mice at 6 months (Fig. 3-2C). However, strong signaling for 7/r9 mRNA was detected in
glomeruli of Yaa mice (Fig. 3-2D) at 6 months. Signals for 7/r9 mRNA were found
throughout the glomeruli but tended to localize more toward the glomerular periphery. A
scant number of signals for 7/r9 mRNA was detected in the proximal tubule and PTCs of
BXSB mice at 6 months of age (Fig. 3-2E). However, strong signals for 7/r9 mRNA was
detected in PTCs of Yaa mice at 6 months of age (Fig. 3-2F). Importantly, the number of
signal-expressing dots in in situ hybridization analysis was significantly greater in Yaa
mice compare with that in BXSB mice at 6 months (Fig. 3-2G). The percentage of T/r9"
PTCs was significantly higher in Yaa mice at 6 months of age compare to other examined

mice at both ages (Fig. 3-2H).

Localization of Tir9 protein in glomerulus and tubulointerstitium

A scant number of TLR9 protein was detected in the glomeruli of BXSB mice at 6
months (Fig. 3-3A). However, strong signaling for T1r9 was detected in glomeruli of Yaa
mice (Fig. 3-3B) at 6 months. In this study, the author observed that 7/r9 mRNA was
predominantly expressed at the glomerular periphery. Therefore, the author conducted a

double-immunofluorescence assay for TLRY and the podocyte protein Nephrin. The
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expressions of TLR9 and podocyte Nephrin were clearly colocalized in the glomeruli of
Yaa mice (Fig. 3-3C). These findings indicate that the TLR9 protein was overexpressed
in Yaa mouse podocytes. A scant amount of TLRY protein was detected in the
tubulointerstitium of BXSB mice at 6 months (Fig. 3-3D). However, strong signaling for

TLR9 was detected in PTC of Yaa mice (Fig. 3-3E) at 6 months.

Glomerular and tubulointerstitial BUB injury in Yaa mice

Since TLRY is a sensor of danger-associated molecular patterns and was found to
colocalize with BUB components, the author compared the glomerular ultrastructure of
Yaa mice and control BXSB mice using mSEM. mSEM analysis indicated that BXSB
mice possessed normal glomerular capillary endothelium, GBM and podocyte, but PFP
effacement and flattened podocytes were visible in Yaa mice (Fig. 3-4A-B). In addition,
electron-dense materials were also observed in the thickened GBM. Therefore, mSEM
analyses revealed podocyte injury in Yaa mice. mSEM analysis also revealed normal PTC
endothelium and TEC in BXSB mice at six months of age, but mice at the same age
showed PTC injury characterized by thickening of ECs, loss of fenestration, and irregular
capillary lumina (Fig. 3-4C-D). Yaa mice also showed wide tubulointerstitial spaces,

indicating edema, with infiltrating immune cells.

Glomerular and tubulointerstitial injury in Yaa mice

BXSB mice at 6 months of age showed normal glomerulus, but Yaa mice at the same
age showed significantly increased glomerular damage (Fig. 3-5A). Greater numbers of
IL-1F6/IL-360+ damaged tubules were also found in Yaa mice at 6 months of age

compared to those of BXSB mice (Fig. 3-5B). mSEM analysis revealed glomerular injury
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in Yaa mice characterized by glomerular hypercellularity, thickened -capillary
endothelium and PFP effacement compare to BXSB (Fig. 3-5C-D). mSEM analysis also
revealed tubular dilatation, flattening of tubular epithelium, widening of tubulointerstitial
spaces, and misshaping of capillary lumina in Yaa compare to normal BXSB (Fig. 3-5E-
F). These data indicated that glomerular injury was accompanied by tubulointerstitial

injury in Yaa mice at 6 months of age.

Correlation of Tlr9 mRNA expression with indices for glomerular and tubulointerstitial
histopathology

Glomerular expression of 7/r9 mRNA was significantly correlated with autoimmunity
indices (anti-dsDNA antibody), proteinuria (uACR), renal function indexes (sSBUN and
sCr), glomerular histopathology (glomerular size, number of B cells, T cells, and
macrophages in the glomerulus), downstream factors of TLRs (//b and Tnfa), and
podocyte injury parameters (immunopositive areas for Nephrin, Podocin, Synaptopodin,
and WT1" podocyte number) (P < 0.05 and P < 0.01) (Table 3-3). The author also
analyzed the statistical correlation among renal 7/r9 expression, PTC injuries, and TILs
by using the parameters obtained from all animals (Table 3-4). TIr9 expression level in
tubulointerstitium examined by LMD was positively and significantly correlated with the
immune cell infiltrations to TILs, mRNA expression of proinflammatory cytokines (//15,
Tnf) in tubulointerstitium, the percentage of injured PTCs examined by mSEM, and the
number of IL-1F6/IL-36a" tubules. The percentage of T/r9" PTCs and injured PTCs
examined by immunostaining and mSEM respectively also showed similar positive and
significant correlation tendency, except for the parameters of macrophage infiltrations to

TILs and mRNA expression of //6 and Ifng in tubulointerstitium. Number of IL-1F6/IL-
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360" was positively and significantly correlated with the immune cell infiltrations to TILs,
mRNA expression of proinflammatory cytokines (except /fng) in tubulointerstitium, the

percentage of injured PTCs examined by mSEM, and percentage of 7/r9" PTCs
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Discussion

Members of the TLR family are found on a variety of cell types, including epithelial
cells, endothelia, podocytes, dendritic cells, macrophages, B cells, and T cells (Tsuboi et
al., 2002; Patole et al., 2006; Shirali and Goldstein, 2008; Eleftheriadis et al., 2012;
Gurkan et al., 2013). Thus, by achieving wide distribution in different tissues, cells, and
subcellular compartments, members of the TLR family act as far-reaching sentinels
against invading pathogens. Detection of TLRs in resident renal cells may uncover the
role of these receptors in first-line intervention against GN (Conti et al., 2016). In this
study, 7lr9 mRNA was expressed at higher levels in the isolated glomeruli and
tubulointerstitium of Yaa mice than in those of BXSB mice as assessed by in situ
hybridization at 6 months of age. The author detected overexpression of glomerular and
tubulointerstitial 779 and its downstream factors //1b, 116, Ifng, and Tnf'in Yaa mice at 6
months of age. These results indicate that the TIr9-mediated NF-kB pathway plays an
important role in the GLs and TILs development in AGN.

The Yaa mutation is a translocation from the telomeric end of the X chromosome to the
Y chromosome; the duplicated segment of the Y-chromosome in Yaa mice contains at
least 15 genes, including different members of the TLR family (Subramanian et al., 2006).
TLR7, 8, and 9 display similarities in structure and endosomal localization. Moreover,
they form a functional subgroup within the TLR family which recognizes danger signals
(Gorden et al., 2006). Shirali et al., suggested that TLR7 promotes, whereas TLR9
dampens, inflammation in the kidney of experimentally induced murine SLE (Shirali and
Goldstein, 2008). It has been demonstrated that significant expression of 7/r7 and § in the
glomeruli of Yaa mice (Kimura et al., 2014). In the current study, the author observed

overexpression of 7/r9 mRNA and protein in the glomeruli of Yaa mice. Moreover, TLR9
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protein was colocalized with podocyte proteins in Yaa mice. These results suggest that
the Yaa mutation, in addition to causing autoimmunity-prone genetic background, may
indirectly cause overexpression of glomerular 779 via Tlr7 and/or 8 in the podocytes,
leading to subsequent renal inflammation in Yaa mice.

Recent studies have indicated a pathological correlation between the TLR-mediated
NF-kB pathway in podocytes and podocyte injury in vitro (Kimura et al., 2014). TLR4
and 8 in the podocytes interacts with the innate immune system to mediate glomerular
injury (Banas et al., 2008; Kimura et al., 2014). This study clearly demonstrated that areas
positive for TLR9 increased, but areas positive for podocyte proteins decreased, in Yaa
mouse glomeruli as compared with those of BXSB mice. Conversely, Machida et al., has
shown that high titers of the anti-DNA antibody are associated with TLR9 overexpression
in childhood lupus nephritis (Machida et al., 2010). Other studies have shown that DNA,
nucleosome, and the anti-DNA antibody complex can bind to TLR9 leading to activation
of B cells and the development of autoimmunity (Leadbetter et al., 2002; Means 2005).
Conti et al., suggested that ICs produced in situ, or deposition of ICs from blood
circulation, can initiate immune responses within the kidney and result in kidney disease
(Conti et al., 2016). Importantly, this study showed higher titers of anti-dsDNA antibody
in Yaa mice compare with those in BXSB mice; this correlated with the expression of
Tlr9 in the glomerulus. mSEM clearly indicated podocyte injury and deposition of
electron-dense materials in the GBM of Yaa mice. Taken together, these findings indicate
that podocytes in Yaa mice are continuously exposed to circulating and deposited
immunocomplexes, which subsequently activates the endogenous TLRY in podocytes,
causing injury.

The author found that the glomerular expression of 7/r9 correlated with areas
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immunopositive for podocyte functional molecules, podocyte number, and uACR. These
results suggest that the TLR9-mediated pathway closely correlates with podocyte injury
and subsequent proteinuria in AGN. Therefore, the author conclude that chronic GLs
trigger TILs by ultrafiltration of several proteins and inflammatory cytokines. Moreover,
chronic GLs would progress to ESRD through a common pathway in which progressive
tubulointerstitial fibrosis with tubular and PTC damage.

Importantly, the number of damaged tubules increased with infiltrating immune cells
and elevated expression of proinflammatory cytokines in tubulointerstitium of AGN
model mice. In the GN, resident glomerular cells are damaged, and they secret
inflammatory cytokines that can activate interstitial cells and induce inflammatory cell
infiltration (Pichler et al., 1995). As injury/loss of renal capillary and resulted altered renal
vasculature in kidney leads to hypoxia in kidney which results in renal inflammation in
human and experimental animal (Ohashi et al., 2000; Fine and Norman, 2008), in this
study, the author attempted to determine the correlation between PTC injury and TILs in
AGN model mice. Importantly, the numerical number of PTCs was not significantly
altered in AGN model mice, but the ultrastructural changes of PTCs were clearly found
in AGN model mice. Furthermore, significant positive correlation was found between
PTC injury and TILs. Therefore, the author considered that PTC injury was accompanied
with development of AGN and inflammatory TILs, and injured ECs of PTC in AGN
caused local hypoxia which can contribute to develop the TILs.

In this Chapter, the author showed correlation between overexpression of 7/r9 and
podocyte injury earlier. Podocyte is a crucial cell to maintain the barrier between renal
tissues and blood stream, as a blood-urine barrier. Similar with podocytes, the author

hypothesized that tubulointerstitium components like PTC ECs or tubular epithelium
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would participate in innate immune response by expressing TLRs. Expectedly, in the
present study, the author found 7/r9 mRNA was expressed in podocytes as well as ECs
of PTCs in Yaa mice. The author has also demonstrated that 7/r9 and its downstream
cytokines 1/1b, 116, Ifng and Tnf which were induced by the activation of NF-kB pathway
(Shirali and Goldstein, 2008), in the tubulointerstitium of AGN mice. From these results,
as similar to the GL pathogenesis via TLR9-NF-kB showed earlier, the author concluded
that this pathway also plays an important role in the progression of TIL in AGN model
mice.

Interestingly, ICs containing DNA internalized via Fc gamma receptor seemed to be
bind to TLR9 in endosomes (Means et al., 2005). Therefore, overexpression of TLR9 of
ECs in PTCs might be needed to process the increased ICs circulating in blood stream
and/or reflected the increased endosomal activities in ECs. In fact, EC ultrastructurally
showed increment of its cytoplasm. Taken collectively, TLR9 would participate in the
progression of TILs as a modulator rather than an initiator via activation of downstream
inflammatory pathway:.

The statistical analysis revealed that 7/r9 expression in tubulointerstitium was
positively correlated with the immune cell infiltrations to TILs, mRNA expression of
proinflammatory cytokines (//1b, Tnf) in tubulointerstitium, the percentage of injured
PTCs examined by mSEM, and the number of IL-1F6/IL-360" tubules. These results
suggests that PTC ECs activation through TLR9Y induce proinflammatory cytokines
production which enhance injury of PTC ECs and tubules via autocrine and paracrine

manner.
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Summary

TLRO is capable of recognizing exogenous and/or endogenous nucleic acids and play
a crucial role in innate and adaptive immunity. In Chapter 3, the author shown 77r9 is
overexpressed in different components of BUB in glomerulus and tububulointerstitium
of AGN model mice. In addition, the author investigated the activation of different BUB
components through overexpression of 7/r9 and subsequent development of GLs and
TILs in AGN model mice.

Yaa mice were used as AGN model which developed GLs and TILs, and showed strong
expression of 7/r9 mRNA in podocyte and PTC ECs at 6 months of age. However, BXSB
mice showed no GL and TIL but faint expression of 7/r9 mRNA at the same age. TLR9
protein localization on podocyte and PTC was almost absent in BXSB mice at 6 months
of age but intense expression was found in Yaa mice at the same age. Relative mRNA
expression of 7/r9 and its putative downstream cytokines, //1b, 116, Ifng and Tnf was
markedly increased in isolated glomeruli and tubulointerstitium from Yaa mice at 6
months of age. Furthermore, electron microscopy examination revealed glomerular and
tubulointerstitial BUB components injury and GL as well as TIL in Yaa mice at the same
age. Glomerular 7/r9 mRNA expression was significantly correlated with anti-dsDNA
antibody, proteinuria, renal function indices (SBUN and sCr), glomerular histopathology
indices, downstream factors of TLR family (//b and Tnfa), and podocyte injury
parameters. Expression level of T7/r9 in tubulointerstitium was correlated with
inflammatory cells in TILs, injured PTC, downstream factors of TLR family (//b and Tnf)
and damaged tubules.

Therefore, induced expression of 7/r9 in podocyte and PTC ECs correlates with

podocyte and PTC injury and development of GLs as well as TILs in AGN model mice.
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Tables and Figures
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Table 3-1: Summary of immunostaining condition

CD31 TLR9

Antigen TB 105°C, 20 min 0.1% pepsin 37°C, 5 min
retrieval
Blocking 5% NDS 5% NDS
Primary Rabbit polyclonal Mouse monoclonal antibodies
antibody antibodies (Abcam, (Abcam, Cambridge, UK)

Cambridge, UK) 1:200

1:150
Secondary Alexa Fluor 488-labeled Alexa Fluor 546-labeled donkey
antibody donkey anti-mouse IgG

anti-rabbit IgG
antibodies (1:500; Life

Technologies, Yokohama,

Japan)

antibodies (1:500; Life
Technologies, Yokohama,
Japan)

TB: Tris buffer and NDS: normal donkey serum
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Table 3-2: Primer sequence

Gene application Primer sequence (5-3") Product
(Accession no.) F: forward, R: reverse size (bp)
TIr9 F: GAATCCTCCATCTCCCAACA 181
NM 031178.2 R: GGGTACAGACTTCAGGAACAGC
Nfkb F: GGAGTTTGACGGTCGTGAG 219
NM 008689 R: GGGCCTTCACACACATAGC
111b F: TTCCAGGATGAGGACATGAGC 111
XM _006498795.3 R: AATGGGAACGTCACACACCAG
116 F: CAACGATGATGCACTTGCAGA 128

NM_001314054.1 R: GGTACTCCAGAAGACCAGAGGA
Tnfa F: TCTTCTCATTCCTGCTTGTGGC 119
NM_001278601.1 R: ATAGAACTGATGAGAGGGAGGC
Ifng F: CCTTTGGACCCTCTGACTTG 201
NM 008337.3 R: TTCCACATCTATGCCACTTGAG
Actb F: TGTTACCAACTGGGACGACA 165
NM 007393 R: GGGGTGTTGAAGGTCTCAAA
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Table 3-3: Relationship of glomerular 7779 expression with examined parameters.

Auto- Renal function indices Glo. histopathology indices Downstream factors of TIr9 Podocyte injury indices
immunity
Anti- uACR sCr sBUN Glo. B cell Tcell  Macro. 1Ib Ifng 116 Inf Neph. Podo. Syn. WTI1+
dsDNA ab size Pod.
Tir9 p 0.730" 0.817 0.82" 0.54 0.69 0.810"  0.714°  0.786" 0.738" 0.659"  0.595" 0.952™ -0.833" -0.905™  -0.690  -0.929"
expression P 0.031 0.015 0.011 0.16 0.058 0.015 0.047 0.021 0.037 0.076 0.120 >(.000 0.010 0.0002 0.058 0.000
in Glo.
Neph. p -0.815" -0.851"™  -0.738" -0.710" -0.859" -0.994™  -0.591 -0.617 -0.810" -0.572  -0.859™  -0.85™ 1.000 0.691 0.596 0.90™
P 0.015 0.001 0.042 0.046 0.001 0.001 0.125 0.104 0.015 0.132 0.001 0.001 - 0.0580 0.125 0.001
Podo. p -0.786" -0.761"  -0.795"  -0.596 -0.69  -0.812" -0.762 -0.781"  -0.716" -0.404  -0.573 -0.783" -0.786" 1.000 0.817" 0.812"
P 0.023 0.025 0.028 0.121 0.058 0.015 0.020 0.026 0.044 0.316 0.134 0.020 0.024 - 0.015 0.0158
Syn. p  -0.859™ -0.547 -0.828"  -0.787°  0.714 -0.614  0.812" 0.834™ -0.851" -0.718" -0.718" -0.526 0.596 0.817 1.000 0.661
P 0.001 0.166 0.011 0.026 0.041 0.105 0.015 0.012 0.001 0.048 0.045 0.184 0.124 0.015 - 0.070
WTl+pod. p  -0.856™ -0.781"  -0.824" -0.615 0.786" 0.717°  0.613 0.661 -0.762" -0.683  -0.710"  -0.882"  -0.905™ 0.816" 0.666 1.000
P 0.001 0.021 0.011 0.102 0.021 0.041 0.102" 0.071 0.025 0.062 0.041 0.001 >0.000 0.015 0.073 -

*P < 0.05 and **P < 0.01, Spearman’s rank correlation coefficient, N = 8 (BXSB and Yaa). Glo.: glomerulus; TLR: Toll like receptor; dsSDNA: double-stranded DNA; ab: antibody; uACR: urinary
albumin-to-creatinine ratio; sCr: serum creatinine; SBUN: serum blood urea nitrogen; //1b: interleukin 1 beta; Ifng: interferon gamma; [/6: interleukin 6; Tnf: tumor necrosis factor alpha; Nep.:
nephrin; Podo.: podocin; Syn.: synaptopodin; WT: Wilms tumor; Pod.: podocyte; -: not applicable; BXSB: BXSB/MplJ and Yaa: BXSB/Mpl-Yaa.
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Table 3-4: Correlation analysis among examined parameters

Bcell Tcell Macro 1Ib llfng 116 Tnf TIr9" PTC Injured IL-1F6/IL-360"

(%) PTC (%) damage tubule
TIr9 expressionin  p 0.790° 0.705° 0.922" 0.824" 0.518 0.639 0.776" 0.611 0.789" 0.715"
tubulointerstitum P 0.020 0.051  <0.00  0.012  0.188  0.088 0.024 0.108 0.020 0.046
TIr9 localized PTC p 0.833° 0.778°  0.584  0.759° 0.755" 0.802" 0.807 1.000 0.886" 0.812"
(%) P 0010 0.023  0.160 0.029  0.031 0.017 0.015 - <0.00 0.014
Injured PTC p 0.755" 0.705° 0.683  0.867° 0.886° 0.620 0.721°  0.886" 1.000 0.766"
(%) P 0.031 0.051  0.062 0.005 0.003 0.101 0.043 0.003 - 0.270
IL-1F6/IL-360" p 0.710° 0919 0.812° 0.783° 0.587 0.842™ 0.783"  0.812" 0.766" 1.000
damage tubule P 0.048 0.001  0.014 0.022  0.126  0.009 0.022 0.014 0.027 -

*P <0.05 and **P < 0.01, Spearman’s rank correlation coefficient, N = 8§ (BXSB and Yaa). Tlr: Toll like receptor; 1/1b: interleukin 1 beta;
Ifng: interferon gamma; //6: interleukin 6; Tnf: tumor necrosis factor alpha; IL-1F6/IL-36a.: Interleukin 1 family, member 6 ; -: not applicable.
BXSB: BXSB/MpJ and Yaa: BXSB/MplJ-Yaa.
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Figure 3-1. Expression of 7/r9 and its downstream factors in the
tubulointerstitium of in AGN model mice

(A) Relative mRNA expression of 7/r9 and its downstream factors, including 7/b,
Ifng, 116, and Tnf'in the glomeruli isolated from BXSB and Yaa mice at 6 months of
age; analysis was conducted by real-time PCR.

(B) Relative mRNA expression of 7/r9 and its downstream factors, including 7/b,
Ifng, 116, and Tnf in the tubulointerstitium isolated from BXSB and Yaa mice at 6
months of age; analysis was conducted by real-time PCR.

The expression levels were normalized to the levels of Actb. Values are mean = s.e.
*Significantly different from BXSB mice at the same age (Mann-Whitney U-test,
*P<0.05); n=4.
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Figure 3-2. In situ hybridization for 7/r9 mRNA in kidney of AGN model mice

(A, B) In situ hybridization for control probe in Yaa mice. /n situ mRNA expression for
negative (DapB) (A) and positive (Polr2a) control probes (B). Bars=50um.

(C, D) In situ expression of T/r9 mRNA in the glomeruli of BXSB and Yaa mice at 6
months of age, in situ hybridization. There are none to few signals for the genes
hybridized with the probe for 7/r9 mRNA in the glomeruli of control BXSB mice at 6
months of age (C). There are numerous strong signals (arrows) for the genes hybridized
with the probe for 7779 mRNA in the glomeruli of AGN model mice (Yaa) at 6 months
of age (D). Bars=50um.

(E, F) In situ expression of 77r9 mRNA in the tubulointerstitium of BXSB
and Yaa mice at 6 months of age, in situ hybridization. There are scant
number of signals for the genes hybridized with the probe for 77r9 mRNA in
the PTC of control BXSB mice at 6 months of age (E). There are numerous
strong signals (arrows) for the genes hybridized with the probe for 77r9
mRNA in the PTC of model mice (Yaa) at 6 months of age (F).

(G) Number of 77r9 mRNA signal-expressing dots per area in the glomeruli
of BXSB and Yaa mice at 6 months of age.

(H) Percentage of PTC showing TIr9 protein localization in BXSB and Yaa
mice at 8 and 24 wks of age.

Values are mean + s.e. *Significantly different from BXSB mice at the same
age (Mann-Whitney U-test, *P< 0.05); N = 4.
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Figure 3-3. Localization of TLRY in kidney of AGN model mice

(A-C) TLR9 protein localization in the glomerulus (arrow) of BXSB and Yaa mice at
6 months of age, immunofluorescence. There are scant amount of TLR9 protein
localization in the glomerulus of control BXSB mice at 6 months of age (A). Numerous
TLR9 protein localize in the glomerulus of Yaa mice at the same age (B). Podocyte
protein Nephrin and TLR9 colocalize in glomerulus (C).

(D and E) TLR9 protein localization in the PTC of tubulointerstitium (arrowhead) of
BXSB and Yaa mice at 6 months of age, immunofluorescence. There is scant amount
of TLRY protein localization in the PTC of control BXSB mice at 6 months of age (D).
TLR9 protein localized in the PTC of Yaa mice at the same age (E). Bars=50pm.

AGN: autoimmune glomerulonephritis, Glo.: glomerular, Ti.: tubulointerstitial, PTC:
peritubular capillary, BXSB: BXSB/MplJ and Yaa: BXSB/Mpl-Yaa.
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Figure 3-4. Glomerular and tubulointerstitial BUB injury in AGN model mice
(A and B) Glomerular BUB ultrastructure in BXSB and Yaa mice at 6 months of age,
mSEM. Normal endothelium (thin arrow) and podocyte (arrowhead) in BXSB mice
(A). Yaa show thickened endothelium (thick arrow), thickened GBM with electron
dense materials (dashed area) and injured podocyte (tailed arrow) (B). Bars=5um.
(C and D) Tubulointerstitial BUB ultrastructure in BXSB and Yaa mice at 6 months
of age, mSEM. Normal endothelium (thin arrow) and TEC (asterisk) in BXSB mice
(A). Yaa show thickened PTC endothelium (thick arrow) with subendothelial space
(empty arrow) (B). Bars=5um.

AGN: autoimmune glomerulonephritis, Glo.: glomerular, Ti.: tubulointerstitial, PTC:

peritubular capillary, GBM: glomerular basement membrane, BUB: blood-urine
barrier, BXSB: BXSB/Mpl, Yaa: BXSB/MplJ-Yaa and TEC: tubular epithelial cell.
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Figure 3-5. Glomerular and tubulointerstitial injury in AGN model mice

(A) Glomerular damage score in BXSB and Yaa mice at 6 months of age.
*Significantly different from BXSB mice at the same age (Mann-Whitney U-test, P <
0.05).

(B) Number of IL-1F6/IL-360. damaged tubules in tubulointerstitium of BXSB and
Yaa mice at 6 months of age. *Significantly different from BXSB mice at the same
age (Mann-Whitney U-test, *P < 0.05).

(C and D) GLs in BXSB and Yaa mice at 6 months of age, mSEM. BXSB show no
GL (A). Yaa show GL characterized by glomerular hypercellularity, thickened
capillary endothelium (empty arrow) and PFP effacement (thick arrow) (D).
Bars=5um.

(E and D) Tubulointerstitial BUB ultrastructure in BXSB and Yaa mice at 6 months
of age, nSEM. BXSB show no TIL (E). Yaa show TIL characterized by dilated tubule
(thick arrow), narrow PTC lumen (empthy arrowhead), and subendothelial space

(arrowhead). Bars=5um.
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Conclusion

In recent years, increasing number of human and companion animal suffering from

chronic kidney disease (CKD) has been considered as global concern as it is associated

with cardiovascular complications as well as end-stage renal disease. Therefore, early

diagnosis and therapeutics intervention is important to fill up the target of ‘Zoobiquity’.

Importantly, most of the CKD showed injury of blood-urine barrier (BUB) components

irrespective of their etiologies. So, understanding the pathobiology of the BUB is

invaluable for the development of better diagnostic and therapeutic strategies to reduce

incidence of CKD. In this thesis, the author clarified the effects of injured BUB

components and their achieved function as immunological gateway during CKD

development.

In Chapter 1, the author evaluated pathological crosstalk between components of the

glomerular BUB in the development of CKD. BXSB/MplJ-Yaa (Yaa) was used as CKD

model mouse due to autoimmune glomerulonephritis. Similar to transmission electron

microscopy (TEM), modified scanning electron microscopy (mSEM) revealed

pathological changes in glomerular BUB components of Yaa mice compare to its control

BXSB/MpJ (BXSB). Further, immunopositive area of endothelium and podocyte

functional molecules significantly decreased in Yaa compared with BXSB. The indices
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of glomerular endothelial cells (ECs) and podocyte injuries were significantly correlated

with each other and with indices of autoimmune disease and renal dysfunction. Thus, the

author elucidated the pathological crosstalk between ECs and podocytes in CKD

progression and the usefulness of mSEM for pathological analysis.

In chapter 2, tubulointerstitial BUB consisting of renal tubular epithelial cells and

peritubular capillary (PTC) ECs as well as glomerular BUB has been investigated using

two CKD model mice. In addition to Yaa, unilateral ureteral obstruction (UUO) model

was used as tubulointerstitial lesion (TIL) model of CKD. Both Yaa and UUO model

showed TILs. TEM analysis showed injury of both glomerular and tubulointerstitial BUB

injury in Yaa and only tubulointerstitial BUB injury in UUO kidney. Furthermore, the

number of CD34 positive PTC in the UUO kidney was significantly and negatively

correlated with all the measured TIL indexes. On the other hand, Yaa negatively

correlated with tubulointerstitial inflammation index and glomerular injury index. These

data strongly suggested that injury of tubulointerstitial BUB constituents are involved in

TIL progression of CKD and that glomerular BUB and tubulointerstitial BUB are

pathologically related to each other.

Recent studies stated that BUB components are recognized as active participants in the

innate immune response. In Chapter 3, the authors focused on Toll like receptor 9 (TLR
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9), an innate immune response-related molecule, in the activation of different BUB

components and subsequent development of lesions in CKD. Yaa mice showed strong

expression of 7/r9 mRNA and protein in podocyte and PTC ECs as well as increased

level of mRNA expression for 7/r9 and its putative downstream cytokines in isolated

glomeruli and tubulointerstitium compare to BXSB. From the above, it can be considered

that in CKD, the increase in TLR9 expression in podocytes and ECs of PTC are involved

in each cell injury and lesion formation. In addition, mSEM analysis revealed injury of

BUB constitutive cells in Yaa glomerulus and tubulointerstitium.

In conclusion, the author clarified the molecular pathogenesis of CKD and considered

that injury of BUB components is critical in progression of glomerular lesion and TIL.

The author clarified pathological crosstalk between BUB components and also between

glomerular and tubulointersitial BUB in CKD. Moreover, the author strongly believes

that TLR9 could be used as diagnostic and therapeutic target as it showed its adverse

effects on different components of BUB during CKD development.
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Conclusion in Japanese

T, BE LU E METIBMEER (CKD) OREFIEMMER TS AEGOMERERY X
DB E, 2OEIT(EENZBEET DFRAEARE (ESRD) ZEL fzéh, CKD AEAIEDIE
RN (SRRACEBTH D, TN ANEOREZ I SaE I SR FNSRR NS EE
ZIRRECHD BEEIRT EIC, Z<D CKD (FMMRLKEF (BUB) DIBRNERZRE I D728,
ZOIRIBIEFDORFRE L DB CKD HIEICEN D EERSND. KA@M TE. EEZ
CKD #17(CH1FD BUB IBRRERDIGE L TDREBFNIHLEZASH(CLIZ, =5(C. BUB
B EREBPIOREFNT — NEUTHET DL ZRUT.

£ 1 BT, RBKK BUB 1BRERDRIEFHNIOX =& liL/z. BXSB/Mpl-Yaa
(Yaa)zHSREMREKAEBE X (AGN) (CEETF S CKD EFILNIREU TRV, EBEE

DEER (TEM) 247X BUB 18 ER T D Bl DEMEEF /ARG ZZASH (Cr
Ufzc. 2. MBEOREB#ITFEE U CTHREERRE FIEMIE (MSEM) #hiZICAL. TEME
kR, BHREEZARIELIZ. =5I(C. Yaa REKMK(CH 1T D EMietEsERE D F M E AR
N—H—DFOFER(IEEIIER BXSB/Mp] (BXSB) KDEERITHIE LT, T, REKEDE
AR & MERMROHMREERFRIEVCHEREL. TNSEECRERES LUBHKERL
DOEREEBHEELZ. LELD, FE(FT AGN ([SEE U CKD (CH1TD BUB 1BKRER. 15(CE
e & MEARMRDKRIEFN IO b—J%ZRUTZ. Fe. TOFHMICHS TS mSEM D
BRMZRUZ,

FEIB 2TB(CHUT, REkMK BUB Bltk. IIEME(CERME LR SEFEOMER
AR SR D BUB NMFEL. TNSOREFHNIOXR b—IIAEREBERE (TIL) (CF
U, CKD #1T(CHS5 I DulReMZE X1z, Yaa [CIX. AETIE CKD (CHBIFD TILEFILE
U ChREREZR(UUO)EFTILZALE. Yaa H KU UUO EF)LE(CAEKRHE L RHEE"HED
RIEZED TIL ZRUTz. TEM BICHE VT, BEST)LHIICREERIEOIME AR iR (CHie
BEGNHSNTZ. =5IC. UU0 EFTI/LOFKMAERIE CD34 [ MmENRMMEE (Gt Lz
T TIL #EREBRICEDHEBZRUZ. —7. Yaa OTNERMERMEDRIERS KUREK
HEEEERLECHEE Uz, DL, KERE CKD O TIL ET(CARAERE BUB IBRERDS
ENRSEST DT L. FIREKME BUB EFRMIERIE BUB (IRIEFHCHEICESI DL
Zi <R UTz.

EEE. BUB #BRHIRRIIEARBSEZN U CBREIOCACEHS TS ZEMNREENT
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W3, £ 3EBTIE. EFIBARREICEREEDFTHD Toll like receptor 9 (TLRI)(CEE L.
Yaa ZFU\T CKD [CHFTDEDFEIREIRE S BUB DEEMZFFM L /z. TLRO d mRNA L&EH
(FEHRE L ARERFEOMENKMIECBEL. TNSDOFEIREBXSB LD E Yaa TR DTz,
D LTz RIS KUPRMABRIE(CHITD TLRY BLUZD TSI FIRMHED mRNA FKIRZ (S
BXSB & DE Yaa TEM D . D LIZHRIKAS LUFRMERIE(CSHS TS TLRI D mRNA iR
EFFEREEATT7B LUBFAO TR FEMHD mRNA RIRECBR(CHEHBUZ. F.
MSEM fAI T Yaa DRIRAES JUPRMIERIE(CS T2 BUB #ERRAIRBDMIISEE 2SN (C L
2o LEXKD. CKD (CHUWT, Efflifd EhRERBEDOMEMIZCEITD TLRO FIRDEN(FH 4
DOHIRMGE CRELRICA5 I D EEX SR T,

fEme LT, EE(I CKD ODFREZHETL. BUB BRERDEENRIERAS KUKRMEERM
BORBECER<BES5I DT EERL. Fz BUB BRERRS KUSREKMA S FRIEERED BUB
BICHITDRBFNIOR b—TZBASMNC Uz, $F(C TLRI (& CKD #E1THFDE BUB [EEI(C
RELES5TDIH. FCRERIASITIEEDSY —4'y b & UTHEBRIEN,
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