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Abstract

The immune system detects pathogens and irregular cells within the

organism and protects it using innate and adaptive immune responses. Homeostasis

of immune subsystems is maintained by a wide range of immune cells. Once the

immune system detects pathogens, inflammatory cells and proteins are induced by

the system, leading to inflammation. To produce these homeostatic and

inflammatory status, various immune cells continuously migrate between lymphoid

and non-lymphoid organs. This surveillance system of immune cells is coordinated

by chemokines, proteins that induce immune cell migration and are responsible for

homeostasis of immune systems and inflammatory reactions of the organism. Some

chemokines are reportedly involved in immune dysfunctions in diseases such as

autoimmune diseases and cancers. Therefore, modulating the pathophysiological

functions of chemokines may be a new approach to drug development for certain

diseases. To justify this approach, investigating physiological and

pathophysiological functions of chemokines under several circumstances are

considered crucial.

Chemokines induce biological functions by binding to cellular receptors.



Receptor-mediated signal transduction through chemokine receptors is important

for lymphocyte trafficking across high endothelial venules (HEVs). However, the

mode of action of individual chemokines expressed in the HEVs in lymphocyte

trafficking remains unclear. In this study, CXCL13, a chemokine expressed in a

substantial proportion of HEVs in both lymph nodes (LNs) and Peyer patches (PPs),

was found to functions as an arrest chemokine for B cells. In a whole-mount

analysis of mesenteric LNs (MLNSs), B cells, unlike T cells, adhere poorly to HEVs

of CXCL13-null mice. However, adhesion of B cells to the CXCL13-null HEVs is

significantly restored when CXCL13 is added to the MLNs by superfusion. In in

vitro studies, CXCL13 activated the small guanosine triphosphatase (GTPase) Rap1

in B cells, and a deficiency of RAPL, the Rapl effector molecule, caused a

substantial reduction in B-cell adhesion to intercellular adhesion molecule 1

(ICAM-1) under shear-resistant conditions. CXCL13 also activates a4 integrin in

B cells and induces adhesion of B cells to mucosal addressin cell adhesion molecule

1 (MAdCAM-1). Accordingly, CXCL13 is identified as an arrest chemokine for B

cells in HEVs and plays an important role in B-cell trafficking to PPs and MLNs.

As discussed above, some chemokines are agents of disease, which suggests

that targeting chemokines may be an effective therapeutic approach. CXCL13



expression at tumor sites reportedly promotes migration of anti-tumor T cells

expressing CXCRS5. A combination treatment of CXCL13 and anti-PD-1-directed

tumor therapy showed greater efficacy than their monotherapies in an animal study,

suggesting that CXCL13 or a CXCRS5 agonist could be a therapeutic option for

tumor. However, it seemed difficult to pursue CXCL13/CXCR5-tageting drug

development based on available in-house data and external reports after

investigations of the chapter 1. On the other hand, other chemokines and their

receptors are also known as a target of certain drugs. Several chemokines and their

receptors-targeting drugs have been approved by the FDA: maraviroc (a CCRS

blocker for HIV-1 infection), plerixafor (a CXCR4 antagonist for non-Hodgkin’s

lymphoma and multiple myeloma), and mogamulizmab (an anti-CCR4 monoclonal

antibody for mycosis fungoides or Sézary syndrome). In further investigations to

seek chemokine-related targets, there are reports showing that CCL2 and its

corresponding receptor, CCR2, are also involved in a wide variety of diseases, and

a pathophysiological function of CCL2/CCR2 axis is considered one of the

reasonable potential targets for drug development researches.

Glomeruli and renal tubule injury in chronic kidney disease (CKD) is

reported to involve macrophage activation through interaction between CCL2 and



its receptor, CCR2. Studies of the effects of inhibiting CCL2/CCR?2 signaling, using

CCR2 inhibitors and anti-CCL2 antibodies, on kidney function in animals or

humans with CKD have been reported. The activity of CCL2 is stabilized by

replacement of its N-terminal glutamine with pyroglutamate (pE) by enzymes such

as glutaminyl cyclase (QC) and isoQC. Through this process, pE-CCL2 becomes

resistant to peptidases. I report here that inhibition of QC/isoQC using the

QC/is0QC inhibitor PQ529 leads to the degradation of CCL2. This ameliorates

CKD by reducing kidney inflammation in anti-glomerular basement membrane

(GBM) antibody-induced glomerulonephritis in Wistar Kyoto (WKY) rats.

Repeated oral administration of PQ529 (30 and 100 mg/kg, twice daily) for three

weeks significantly reduced the CCL2 levels in serum and urine, and urinary protein

excretion in a dose-dependent manner. The urinary protein and CCL2 levels in

serum or urine were correlated. The expression of CD68, a macrophage marker, in

the kidney cortex, and mononuclear infiltration into the tubulointerstitium, were

reduced by the 3-week-treatment of PQ529. In addition, urinary KIM-1, B2

microglobulin, and clusterin levels decreased in PQ529-treated glomerulonephritis

WKY rats, suggesting that inflammation in both the proximal and distal tubules was

inhibited. It thus appears that PQ529 inhibits the progression of renal dysfunction

by inhibiting the CCL2/CCR2 signaling. Inhibition of QC/isoQC may be a viable



alternative therapeutic approach for treating glomerulonephritis and CKD patients.



Abbreviations

CCL

CCR

CXCL

CXCR

CKD

GBM

GDS

GFP

GST

HEVs

HGSC

H&E

ICAM-1

IgG

isoQC

KIM-1

LNs

C-C motif chemokine

C-C chemokine receptor

C-X-C motif ligand

C-X-C chemokine receptor

chronic kidney disease

glomerular basement membrane

guanosine diphosphate dissociation

green fluorescent protein

glutathione S-transferase

high endothelial venules

high-grade serous ovarian cancer

hematoxylin and eosin

inter cellular adhesion molecule 1

immunoglobulin G

iso-glutaminyl cyclase

kidney injury molecule 1

lymph nodes
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MAdJCAM-1 mucosal addressin cell adhesion molecule-1

MLNs mesenteric lymph nodes

PAS periodic acid-Schiff

pE pyroglutamate

PPs Peyer patches

PTX pertussis toxin

QC glutaminyl cyclase

Rapl Ras-associated protein 1

RAPL regulator of adhesion and cell polarization enriched in

lymphoid tissues

RBD Ras-binding domain
WKY Wistar Kyoto
WT wild-type
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General Introduction

The immune system protects an organism against disease. This system

detects pathogens such as bacteria, viruses, or cancer cell, and then protects the

organism using two major subsystems, innate and adaptive immunity, which exist

in many species. However, dysfunctions of this immune system for some reasons

result in disease conditions. Therefore, understanding both of physiological and

pathophysiological conditions of this system, key mediators of these conditions,

and mechanisms of the functions of the key mediator is considered crucial to find

novel solutions of the treatment for certain diseases. Homeostasis of these immune

subsystems are controlled by multiple immune cells and proteins. Once the innate

immune system detects pathogens, inflammatory cells and proteins are induced by

the system. For both homeostatic and inflammatory states, the continuous migration

of immune cells from lymphoid organs to sites of infection is key. Chemokines are

a well-known protein family that induces multiple immune cell migrations. Given

chemokines’ essential physiological and pathophysiological roles in the immune

system, in general, development of novel drugs targeting certain chemokine and

chemokine signaling has been expected to lead to new treatments for certain

diseases.
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Chemokines generally consist of 70-125 amino acids with a molecular

weight of 6-14 kDa (Le et al. 2004). They have different subfamilies, CCL, CXCL,

XCL, and CX3CL, which are determined by the positioning of the first two of four

conserved cysteine residues (Schulz et al. 2016). Functions, and the genomic and

chromosomal organizations of chemokines, is moderately conserved between

species. In humans, 27 CCL, 17 CXCL, 2 XCL, and 1 CX3CL chemokines have

been identified, while in mice, 22, 15, 1, and 1, respectively, have been identified

(Schulz et al. 2016). Chemokines bind to chemokine receptors expressed on all

immune cells and a wide variety of non-immune cells, leading to biological

functions in these cells. These receptors are a receptor superfamily of seven

transmembrane-spanning heterotrimeric G protein-coupled receptor. Twenty

signaling and 5 of non-signaling chemokine receptors have been identified (Schulz

et al. 2016).

CXCL13, also known as BLC (B-lymphocyte chemoattractant) or BCA-1

(B cell-attracting chemokine 1), is classified as one of the CXCL chemokines. This

chemokine is broadly expressed by stromal cells in B-cell areas of secondary

lymphoid tissues, such as lymph nodes, Peyer’s patches, spleen, and tonsils.

CXCL13 functions as a homeostatic chemokine through its corresponding receptor,
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CXCRS, originally known as Burkitt’s lymphoma receptor 1 (BLR1) (Hussain et al.

2019). CXCRS is also broadly expressed on mature B cells, a part of follicular

helper T cells, and skin-derived migratory dendritic cells. CXCL13/CXCRS5 axis

reportedly control CXCR5-expressing cells’ migration into secondary lymphoid

organs. However, detailed mechanisms of physiological functions of

CXCL13/CXCRS5 axis in B cell migration to secondary lymphoid organs remained

unknown. Therefore, in the chapter 1, investigations on a physiological function of

CXCL13 as an arrest chemokine in B lymphocyte homing were firstly conducted

and described.

Although chemokines and chemokine receptors reportedly play major

functions in homeostasis of the immune system, including leukocyte

trafficking/homing and inflammation (Rot et al. 2004, Miyasaka et al. 2004), it has

recently been reported that their aberrant functions are implicated in immune

diseases, kidney dysfunctions, angiogenesis, and cancer progressions (Cheng et al.

2014, Griffith et al. 2014, Schulz et al. 2016, Cecchinato et al. 2016, Castan et al.

2017, Nagarsheth et al. 2017, Chen et al. 2018). Accordingly, modulating

chemokine and chemokine receptor signaling may be one strategy for treating

certain diseases (Solari et al. 2014). In fact, there have been several approved anti-
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chemokine receptor treatments, including maraviroc, an antagonist for CCRS for

treatment of HIV infection (Moore et al. 2009, Stellbrink et al. 2016); plerixafor, a

small-molecule CXCR4 antagonist used in combination with granulocyte colony-

stimulating factor (GCSF) to mobilize haematopoietic stem cells to the peripheral

blood for collection and subsequent autologous transplantation in patients with non-

Hodgkin’s lymphoma and multiple myeloma (DiPersio et al. 2009, Steinberg et al.

2010); and mogamulizmab, a monoclonal-antibody CCR4 antagonist for the

treatment of mycosis fungoides or Sézary syndrome (Kim et al. 2018, Kasamon et

al. 2019). Further study of anti-chemokine therapy is warranted (Miao et al. 2020)

as there remain many other diseases associated with dyshomeostasis of the immune

system. To develop safe, efficacious drugs to manipulate chemokine signaling, a

greater understanding of the physiological and pathophysiological functions of

these proteins is essential.

While aberrant CXCL13/CXCRS5 function is reportedly involved in several

diseases such as advanced cancers, rheumatoid arthritis, Sjogren's disease, and

multiple sclerosis (Yang et al. 2021, Hussain et al. 2019), CXCL13 has been

demonstrated basically as a homeostatic chemokine. As far as literature surveys and

in-house experimental researches, there were also insufficient strong rationales to
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support further studies on drug development modulating CXCL13/CXCRS axis. On

the other hand, chemokine-based drug development remained warranted, given

other successful examples of other FDA-approved chemokine-related drugs as

described above, further researched on another arrest chemokine, CCL2, and its

pathophysiological functions for the purpose of drug development was continued

in the chapter 2.

CCL2, originally known as monocyte chemoattractant protein-1 (MCP-1),

is one of the CC chemokine subfamily. CCL2 is expressed in a wide variety of cells

such as macrophages, monocytes, microglial cells, astrocytes, mesangial cells,

fibroblasts, endothelial cells, epithelial cells, and smooth muscle cells. This

chemokine functions by its ligation to a corresponding receptor, CCR2 (Moadab et

al. 2021). As well as a function of arrest chemokine of CXCL13 to B cells as

investigated in the chapter 1, CCL2 is also reportedly one of arrest chemokines

expressing on HEVs and inflammatory sites to monocytes (Ley. 2003). In addition

to the role of an arrest chemokine in monocyte trafficking and migration, CCL2

shows multiple roles in immune system through its chemoattractive function to

CCR2-expressing immune and non-immune cells in immune homeostasis. On the

other hand, this chemokine also participates in inflammatory responses and other
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diseases such as cancer and chronic kidney diseases (CKD). Pathophysiological

functions of CCL2/CCR?2 axis reportedly plays a crucial role in these diseases.

Several investigations showed that CCL2/CCR?2 axis could be one of the reasonable

targets for novel drug development. In human CKD, involvement of elevated CCL2

has already been known (Wada et al. 2000, Tesch et al 1999, Giunti et al. 2010,

Tampe et al. 2014, Haller et al. 2016, Moreno et al. 2018). Modulating the function

of CCL2/CCR?2 has been considered promising approaches to treat CKD (DeZeeuw

etal. 2015, Menne et al. 2017). In the chapter 2, a novel approach to decrease CCL2

levels in CKD by inhibiting QC/isoQC, was investigated to evaluate an approach

of modulating pathophysiological function of CCL2 as a novel treatment for CKD.

17



Chapter 1: CXCL13 is an arrest chemokine for B cells in high

endothelial venules

Introduction

A wide range of experiments has revealed that a variety of chemokines are
produced at the target sites of leukocyte trafficking and homing (Rot et al. 2004,
Miyasaka et al. 2004). These chemokines are chemoattractants for leukocytes
expressing the corresponding chemokine receptors. In addition to this activity,
certain chemokines localized to the venular wall induce the integrin-mediated arrest
of leukocytes rolling on the venular wall (“arrest”), thereby facilitating firm
leukocyte adherence to the venular endothelium. This is essential for the
recruitment of leukocytes to secondary lymphoid tissues or inflammation sites (Rot
et al. 2004, Miyasaka et al. 2004). It has been reported that CCL21 plays a crucial
role in the migration of naive T cells to LNs and PPs (Stein et al. 2000, Warnock et
al. 2000). CCL21 is expressed on the luminal surface of HEVs (Stein et al. 2000).
Desensitization of CCR7, a corresponding receptor for CCL21, leads to severe
impairment of integrin (leukocyte function—associated antigen 1 [LFA-1])-

mediated T-cell arrest at HEVs (Stein et al. 2000, Warnock et al. 2000). Mice

18



congenitally lacking CCL21 and CCL19 (plt/plt mice), show severely impaired T-

cell arrest at HEVs (Nakano et al. 2001). Additionally, T-cell arrest is restored by

the reconstitution of expression of CCL21 (Stein et al. 2000). Ley has proposed a

definition of an arrest chemokine as one that: (1) is luminally expressed; (2) has

arrest activity that is eliminated by blocking the function of the chemokine or its

receptor; and (3) has its arrest function restored by reconstitution of the expression

of chemokines on endothelial cells (Ley. 2003). On this basis, CCL21 is considered

an arrest chemokine for naive T cells. The biological mechanism of CCL21-induced

arrest is the triggering of signal transduction pathways involving Rapl and RAPL

(Shimonaka et al. 2003, Katagiri et al. 2003). RAPL-deficient mice do indeed show

impaired trafficking of T cells, B cells, and dendritic cells (Katagiri et al. 2004).

CCL7 has been identified as a T cell-arrest chemokine, but an arrest chemokine for

B cells at HEVs has not been reported. Chemokine signals through CXCR4 and

CCR?7 are important for B-cell entry into LNs, and CXCR4, CCR7, and CXCR5

are important for entry into PPs (Okada et al. 2002). However, detailed mechanisms

of these chemokine signals have remained unclear. The ligand for CXCRS is

CXCL13, which shows a selective chemoattractant function to mature B cells

(Gunn et al. 1998) and a subset of T cells (Schaerli et al. 2000). CXCL13-deficient

mice show defects in development of peripheral LNs and PPs, but not MLNs
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(Ebisuno et al. 2003, Ansel et al. 2000). B-cell trafficking in MLNs was impaired

as well (Ebisuno et al. 2003). It also has been reported that: (1) CXCL13 is

luminally expressed in approximately 50% of the HEVs in LNs and PPs; (2)

CXCL13-deficient PP HEVs show much reduction in B-cell adhesion compared

with T-cell adhesion; and (3) reconstitution of CXCL13 expression by superfusion

of CXCL13 in CXCL13-deficient PPs significantly restores B-cell arrest in PP

HEVs (Ebisuno et al. 2003). This indicates that CXCL13 plays an essential role in

B-cell arrest at the HEV's of PPs. What remains unclear is the mode of action of the

CXCL13 for B cells and the roles of CXCL13 expressed in LN HEVs in B-cell

arrest. In this study, the mode of action of CXCL13 on B cells in MLN HEVs was

investigated using CXCL13-deficient mice and found that CXCL13 is an arrest

chemokine for B cells at HEVs. Additionally, it was found that CXCL13 activates

signal transduction pathways through Rapl and RAPL, resulting in integrin

activation in B cells.
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Materials and Methods

Animals

Animals used in this study are described in Kanemitsu et al. 2005. C57BL/6

mice (Japan SLC, Hamamatsu, Japan) and green fluorescent protein (GFP)—

transgenic mice (Okabe et al. 1997) were kindly provided by Dr. M. Okabe of Osaka

University. The mice were housed under specific pathogen-free conditions.

CXCL13-KO mice and RAPL-KO mice were established and used as described

previously (Katagiri et al. 2004, Ebisuno et al. 2003). Our experimental protocol

was approved by the Ethics Review Committee for Animal Experimentation of

Osaka University Medical School.

Lymphocyte Isolation and antibodies

Lymphocyte isolation was conducted as described in Kanemitsu et al. 2005.

Used antibodies were also described in Kanemitsu et al. 2005. B cells and T cells

were isolated by incubating spleen cells with a mixture of anti-CD3 and anti-CD11b

monoclonal antibodies (mAbs) or anti-B220 and anti-CD11b mAbs, respectively,

followed by AutoMACS separation (Milte-nyi Biotec, Bergisch Gladbach,

Germany), as described previously (Ebisuno et al. 2003). The purity of the B and T
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cells was more than 90%, on average, as determined by flow cytometry. The
MECA-89 mADb17 was purified from ascites and labeled with Alexa Fluor 594 or
Alexa Fluor 647 (Molecular Probes, Eugene, OR). Unless otherwise noted, the
origins of the antibodies used in this study were the same as reported previously

(Ebisuno et al. 2003).

Whole-mount microscopy

Whole-mount microscopy assay was conducted as described in Kanemitsu
etal. 2005. Purified B cells and T cells from GFP-transgenic mice were resuspended
in warm saline and injected intravenously into wild-type (WT) and CXCL13-KO
mice (n=3; 1 x 107 cells/mouse). Ten minutes after the lymphocyte injection, Alexa
Fluor 594- or Alexa Fluor 647-labeled MECA-89 mAb was injected intravenously
to label the mucosal addressin cell adhesion molecule 1-positive (MAdCAM-17)
HEVs in situ. Mice were humanely killed 15 minutes after the lymphocyte injection
and perfused with saline and 4% paraformaldehyde in phosphate-buffered saline
(PBS). The MLNs were collected, fixed with 4% paraformaldehyde, and treated
with increasing concentrations of saccharose (10%, 20%, and 30%). Cell adhesion
to MAdCAM-1" MLN HEVs was analyzed by confocal microscopy

(LSM510META; Carl Zeiss, Jena, Germany, or Randiance 2100; Bio-Rad,
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Hercules, CA). Digital images were processed using Photoshop 6.0 software
(Adobe Systems, San Jose, CA). For quantification of the lymphocyte adhesion to
HEVs, the number of lymphocytes that adhered to each HEV segment and the
length of the HEV segments were evaluated for 80 HEV segments/mouse.
Superfusion with mouse CXCL13 (Dako, Glostrup, Denmark; 25 pg/mL in PBS for
90 minutes) and immunohistochemical analyses were performed as described
previously (Ebisuno et al. 2003). In some experiments, purified B cells were
preincubated with pertussis toxin (PTX; 100 ng/mL; Calbiochem, San Diego, CA)

at 37°C for 2 hours, washed, and injected intravenously into mice.

Static adhesion assay

Static adhesion assay was conducted as described in Kanemitsu et al. 2005.
Multiwell (4-mm diameter) glass slides were coated with rat intercellular adhesion
molecule 1 (ICAM-1)/IgG (Mukasa et al. 1999) (a gift from Dr. Y. ligo, Daiichi
Pharmaceutical, Tokyo, Japan), rat MAdCAM-1/IgG (lizuka et al. 2000), or human
IgG (50 ng/well) overnight at 4°C and then blocked with fetal calf serum. B cells
(1x 10°) were then added and allowed to settle for 15 minutes at 37°C. Subsequently,
mouse CXCL13 (Dako) was added to the wells and incubated for 5 minutes at 37°C

to induce cell adhesion. Phorbol myristate acetate (PMA; final concentration of 25
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ng/mL; Sigma-Aldrich, St Louis, MO) was used as a positive control of adhesion.
After unbound cells were washed off, the bound cells were counted. For antibody
blocking, the cells or immobilized ligands were preincubated with a mAb or a
control antibody for 30 minutes at 37°C. Anti—-mouse CD11a (KBA) (Nishimura et
al. 1988), anti—rat CD54 (1A29) (Tamatani et al. 1990), and anti—rat MAdCAM-1
(OST2) (lizuka et al. 2000) were used at 20 pg/mL, whereas anti-CD49d (PS/2)
(Miyake et al. 1991) was used as a hybridoma culture supernatant. In some
experiments, cells were preincubated with PTX (100 ng/mL) at 37°C for 15 minutes,

washed, and used in binding studies.

Detachment assay

Detachment assay was conducted as described in Kanemitsu et al. 2005.
ICAM-1/1gG (10 pg/mL) and CXCL13 (2 uM) were immobilized on the inside
walls of a glass capillary tube (¢p: 0.69 mm; Drummond, Broomal, PA), as
previously described (Campbell et al. 1998), so that the upstream half of each tube
was coated with ICAM-1/IgG alone and the downstream half was coated with
ICAM-1/IgG plus CXCL13. B cells (I x 10° cells/mL) were injected into the
capillary tubes at 0.25 dynes/cm? for 5 minutes at 37°C. Shear stress was generated

with an automated Harvard syringe pump (PHD2000; Instech Laboratories,
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Plymouth Meeting, PA). The flow was then increased in 2-fold increments every 20
seconds. The experiments were videotaped for analysis and the number of B cells
that remained bound at each interval was counted. In some experiments, cells were
treated with PTX or KBA (see “Static adhesion assay”). For the functional
comparison of wild-type and RAPL-deficient B cells, shear-resistant B-cell
adhesion to immobilized ICAM-1/IgG (0.5 pg/mL) was assessed in a parallel flow

chamber, as described (Shimonaka et al. 2003).

Flow adhesion assay

Flow adhesion assay was conducted as described in Kanemitsu et al. 2005.
MAdCAM-1/IgG or CXCL13 was immobilized on glass capillary tubes as
described for the static adhesion assay. B cells (1 x 10° cells/mL) were then injected
into the capillary tubes at 1.0 dyne/cm? at 37°C and images were recorded with a
cell-viewing system (SRM-100; Nikon, Tokyo, Japan) and video recorder (BR-
S600; Victor, Yokohama, Japan) using a Nikon Plan Fluor DL 10 x/0.3 numeric
aperture objective. Digital images were prepared using Quick Time 6.5.2 (Apple,
Cupertino, CA) and Adobe Photoshop 6.0. Three categories of B-cell tethers under
continuous flow were determined, as described previously (Shamri et al. 2002):

“transient” if the cells attached briefly (<3 seconds) to the substrate; “rolling” if
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cells rolled on the substrate at least 3 seconds; and “arrested” if cells were arrested
on the substrate and remained adherent and stationary for at least 20 seconds. All
cellular interactions were determined by manually tracking individual cells in a
0.39-mm? area for 1 minute. For the blocking of MAdJCAM-1, the tubes were
pretreated with OST2 (20 pg/mL) for 30 minutes at room temperature. In some
experiments, B cells were preincubated with PS/2 or PTX (see “static adhesion

assay”).

Detachment assay with cultured endothelial cells

Detachment assay with cultured endothelial cells was conducted as
described in Kanemitsu et al. 2005. BC1 mouse endothelial cells were derived from
the cortical bone of BALB/c mice (Zhang et al. 1998) and used in detachment
assays under flow, as previously described (Shimonaka et al. 2003). A monolayer
of BC1 cells was grown on a gelatin-coated plastic dish and placed in a flow
chamber (Glycotech, Gaithersburg, MD). The endothelial cell monolayer was
preincubated with 1uM CXCL13 for 5 minutes and then unbound CXCL13 was
removed by gentle washing. B cells (5 x 10%mL) were injected into the chamber at
0.1 dyne/cm? for 8 minutes. Next, a higher shear stress (2 dynes/cm?) was applied

for 10 minutes (Shimonaka et al. 2003). Experiments were videotaped for analysis,
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and the number of adherent B cells was counted. In blocking experiments, B cells

were pretreated with PTX, KBA, or PS/2, as described for whole mount microscopy.

Rapl activation

Rapl activation was evaluated as described in Kanemitsu et al. 2005.
Purified B cells were stimulated with 30 nM mouse CXCL13 at 37°C for the
indicated time periods. The cells (1 x 107) were lysed in ice-cold lysis buffer (50
mM Tris [tris(hydroxymethyl)aminomethane]-HCI, pH 7.4, containing 500 mM
NaCl, 1% NP-40, 2.5 mM MgCl,, 10% glycerol, 10 pg/mL aprotinin, and 10 pg/mL
leupeptin) and subjected to a pull-down assay using a glutathione S-transferase
(GST)-tagged Ral guanosine diphosphate dissociation stimulator (GDS)-Ras-
binding domain (RBD) fusion protein coupled to glutathione-agarose beads, as
previously described (Reedquist et al. 1998). Rap1 protein was detected by Western

blotting using an anti-Rap1 antibody (BD PharMingen, San Diego, CA).
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Results

Adhesion of B cells to MLN HEV:s is significantly reduced in CXCL13-KO mice and

is restored by the reconstitution of expression of CXCL13

First, B-cell adhesion was quantified in the MLN HEVs of CXCL13-KO

and WT mice. For this purpose, GFP-transgenic B and T cells were injected into

CXCL13-KO and WT mice, and their behavior in HEVs, assessed using whole-

mount microscopy of the MLNs, was observed 15 minutes after the injection. As

shown in Figure 1-1A, some B cells were detected on the walls of MLN HEVs in

WT mice, but this number was reduced 60% in CXCL13-KO mice (Figure 1-1B).

The frequency distribution of binding B cells per HEV segment was shifted to the

left in the CXCL13-KO mice relative to the WT mice (Figure 1-1C), showing that

the adhesion of B cells to the MLN HEVs was significantly reduced in the absence

of expression of CXCL13. In contrast, the number of T cells binding to the MLN

HEVs was similar for both the CXCL13-KO and WT mice (Figure 1-1A-B). These

findings indicated that the reduction in adhesion of B cells was not caused by

secondary effects such as a difference in the blood flow rate in the HEVs of these

mice. However, it should also be noted that there was a small, but significant, level

of B-cell adhesion in the CXCL13-KO HEVs (Figure 1-1A-B) and this B-cell
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adhesion was almost completely inhibited by the treatment of B cells with PTX, a

Gai-specific inhibitor (data not shown). This result indicated that CXCL13 is not

the only chemokine regulating B-cell adhesion in LN HEVs.

Then, CXCL13 was topically applied to the MLNs of CXCL13-KO mice.

This reconstituted expression of CXCL13 and significantly restored B-cell adhesion

in CXCL13-KO MLN HEVs (Figure 1-1D). These observations indicate that

CXCL13 plays an essential role in B-cell arrest to MLN HEVs.

CXCL13 promotes binding of B cells to immobilized ICAM-1 and MAdCAM-1

under both static and flow conditions

To understand the mode of action of CXCL13 on B cells, it was investigated

whether CXCL13 could induce integrin-mediated binding of B cells to ICAM-1

and MAdCAM-1, the HE V-associated endothelial ligands. CXCL13 significantly

induced B-cell adhesion to ICAM-1 (Figure 1-2A) and MAdCAM-1 (Figure 1-2B)

under static conditions, showing bell-shaped dose-response curves that are typical

for chemotactic responses to chemokines. The CXCL13-induced binding of B cells

to ICAM-1 was specifically blocked by an anti-CD1la or anti-ICAM-1 mAb

(Figure 1-2C). The B-cell adhesion to MAdCAM-1 induced by treatment of
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CXCL13 was also specifically blocked by an anti-CD49d or anti-MAdCAM-1 mAb
(Figure 1-2D). A PTX almost completely inhibited the CXCL13-induced B-cell
binding to ICAM-1 (Figure 1-2E) and MAdCAM-1 (Figure 1-2F). These results
indicate that CXCL13 induces adhesion of B cells mainly via Gai-dependent,

integrin-dependent signal transduction pathways.

Next, it was tested if CXCL13 induces B-cell adhesion to ICAM-1 under
shear stress conditions. B cells were first allowed to interact with immobilized
ICAM-1 at low shear stress and then subjected to continuously increasing stress.
While most of the B cells that initially adhered to the immobilized ICAM-1
detached with increments of shear stress, the majority of B cells remained binding
to ICAM-1 co-immobilized with CXCL13, even at the highest shear stress
examined (16 dyne/cm?) (Figure 1-3A). The increased B-cell adhesion was
inhibited by PTX to the basal level (Figure 1-3B), and also by anti-CD11a mAb
(data not shown), demonstrating that CXCL13 activated LFA-1 on B cells via PTX-
dependent signal transduction, and induced shear-resistant B-cell adhesion to
ICAM-1. CXCL13 promoted arrest of B cells on MAdCAM-1 in a dose-dependent
manner under physiologic flow conditions (1 dyne/cm?), although it did not

significantly alter the total number of B cells interacting with the immobilized
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MAdCAM-1 (Figure 1-4A). In the absence of CXCL13, almost no B-cell arrest on

MAdCAM-1 was observed, whereas it was observed in the presence of CXCL13

(Figure 1-4B). The B-cell adhesion induced by CXCL13 was almost completely

inhibited by an anti-MAdCAM-1 mAbD applied to the capillary tube (Figure 1-4C),

by an anti-CD49 mAb, and by PTX to the B cells (Figure 1-4D). Similar inhibition

was not observed in treatment with the control IgG, indicating that CXCL13

activates the a4 integrin on B cells to bind to MAdCAM-1 to induce B-cell arrest

under physiologic flow conditions.

CXCL13 promotes shear-resistant B-cell adhesion to an endothelial cell monolayer

Then, the effects of CXCL13 on shear-resistant adhesion of B cells to a BC1

endothelial cell monolayer was investigated. When CXCL13 was pretreated to the

BC1 monolayer, more than 60% of the input B cells remained binding to the BC1

monolayer under high-shear stress flow conditions, whereas when culture medium

alone was pretreated to the monolayer, only approximately 30% of the input B cells

were attached under the same flow conditions (Figure 1-5). PTX, anti-CD11a mAb,

and anti-CD49d mAD inhibited the B-cell adhesion to basal levels under shear stress

conditions, and the combination of anti-CD11a and anti-CD49d almost completely

inhibited the CXCL13-induced adhesion. These results indicated that CXCL13
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promoted LFA-1- and a4 integrin-dependent B-cell binding to the BC1 monolayer.

Supporting this finding, the BC1 cells expressed both ICAM-1 and vascular cell

adhesion molecule 1 (VCAM-1) and showed a detectable level of CXCL13 binding

in a flowcytometry (data not shown). Therefore, these results demonstrate that

CXCL13 activates both LFA-1 and a4 integrins on B cells, inducing B-cell

adhesion to endothelial cells under shear stress conditions.

CXCL]13 rapidly activates Rapl and requires RAPL for its integrin activation in B

cells

Finally, CXCLI13 signal-transduction pathways leading to integrin

activation in B cells was studied. Because it has been reported that Rapl is

implicated in the chemokine-induced integrin activation in lymphocytes

(Shimonaka et al. 2003), Involvement of Rapl in CXCLI13-induced integrin

activation in B cells was examined by a pull-down assay using a GST-Ral GDS

fusion protein. CXCL13 activated Rap1 in B cells at 30 seconds (Figure 1-6A), and

then it was downregulated to basal levels within 5 minutes. To further understand

the mode of action of Rapl activation in B-cell adhesion to integrin ligands, the

contribution of RAPL (Katagiri et al. 2003, Katagiri et al. 2004), an effector

molecule of Rapl, was evaluated in CXCL13-induced B-cell adhesion. B cells
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lacking RAPL showed significantly decreased levels of shear-resistant adhesion to

ICAM-1 compared to WT B cells (Figure 1-6B). However, RAPL deficiency did

not completely inhibit adhesion, indicating that RAPL-independent mechanisms

also function in B-cell adhesion. The expression level of LFA-1 on the B cell surface

in RAPL-KO B cells was similar to that of WT B cells (data not shown). These

observations show that CXCL13 activates Rapl and RAPL-dependent signal-

transduction pathways in integrin activation in B cells.
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Discussion

CXCL13, which is broadly expressed by HEVs in LNs and PPs (Ebisuno et

al. 2003), plays the role of an arrest chemokine for B cells in MLNSs. It was found

that adhesion of B cells in MLN HEVs was selectively impaired in CXCL13-

deficient mice and was significantly restored by the reconstitution of the expression

of CXCL13. Additionally, CXCL13 induced integrin-dependent shear-resistant B-

cell adhesion in vitro. CXCL13-induced activation of integrin in B cells depended

on Gai and involved activation of Rapl/RAPL-mediated signal pathway. These

results show that CXCL13 plays an essential role in the arrest of B cells in both

MLN HEVs and PP HEVs.

It has been reported that B-cell adhesion was significantly reduced in

CXCL13-KO MLN HEVs compared with that in WT mice. Although a deficiency

of CXCL13 significantly influences the development of secondary lymphoid tissues

(Ansel et al. 2000), it has relatively little influence on the MLNs. In CXCL13-KO

mice, the HEVs are normally found there and the CXCL13-KO HEVs express

CCL21, CXCL12, and MAdCAM-1 at levels comparable to those in WT mice (Y.

E. and T. Tanaka, unpublished observation, June 2003). When interactions between
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B cells and HEVs of comparable sizes and lengths in CXCL13-KO and WT mice

were quantified, the adhesion of B cells to HEVs in the CXCL13-KO mice was

found to be significantly lower than that in the WT mice, suggesting that this

reduction was likely due to the deficiency of CXCL13 in HEVs but not to secondary

effects induced by lack of the expression of CXCL13, such as changes in HEV

structure and/or blood flow. The deficiency of B-cell adhesion in CXCL13-KO

MLN HEVs is consistent with previous reports that the number of B-cells migrating

into the MLNs was significantly reduced in CXCL13-KO mice in a short-term in

vivo lymphocyte migration assay (Ebisuno et al. 2003). There also is a report that

CXCL13 is required for B-cell trafficking into PPs, but not LNs (Okada et al. 2002).

It should be noted that the trafficking of WT B cells in CXCL13-KO mice was

examined in this study, whereas Okada et al. (Okada et al. 2002) studied B-cell

trafficking in cells lacking CXCRS in WT mice. One explanation for the difference

between these two reports is that a CXCRS deficiency results in compensatory

changes in B-cell responses to chemokines other than CXCL13, and these changes

may have masked the functional significance of CXCLI13 in LN HEVs. This

possibility should be verified in future studies. It should also be noted that CXCL13

is not the sole chemokine triggering B-cell adhesion to HEV's because there is a low,

but readily detectable, level of B-cell adhesion in the MLN HEVs in CXCL13-KO
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mice. Another study demonstrated that multiple chemokines are involved in B-cell

entry into LNs and PPs via HEVs (Okada et al. 2002). It was shown that CCL21,

CCL19, and CXCL12, in addition to CXCL13, are expressed in substantial portions

of the HEVs in LNs and PPs (Ebisuno et al; Y.E., unpublished observation, June

2003). Therefore, it will also be important to determine how these chemokine

signals influence each other and regulate B-cell adhesion to, and transmigration

across, HEVs. With regard to the CXCL13-CXCRS5 signal pathways, activation of

Rap1 was rapidly induced in B cells by stimulation with CXCL13. Together with a

report that activation of Rapl was also observed in CXCL12-stimulated B cells

(McLeod et al. 2002), these results indicate, as in T cells (Shimonaka et al. 2003),

an essential role of Rap1-dependent signal transductions in the chemokine-induced

integrin activation of B cells. Additionally, B cells lacking RAPL, an effector

molecule of Rapl, showed severely reduced levels of shear-resistant adhesion to

ICAM-1 and significantly impaired trafficking to LNs (Katagiri et al. 2004).

Deficiency of RAPL, however, did not completely abrogate CXCL13-induced

shear-resistant B-cell binding, suggesting the existence of an alternative mechanism

in CXCL13-induced integrin activation in B cells. To elucidate mechanisms of

CXCL13-triggered integrin activation more fully in B cells, additional studies will

be required.
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This study showed that CXCL13 rapidly activates multiple integrins in B

cells, including LFA-1 and a4 integrin, and that this activation is Gai-dependent.

Shamri et al. also have reported activation of multiple integrins in lymphocytes by

signaling through chemokine receptors (Shamri et al. 2002). Signaling through

CXCR4 or CCR7 activates both LFA-1 and a4 integrins in the same cell, though

within different lipid microdomains, via distinct Gai protein—associated

mechanisms (Shamri et al. 2002). Rapid activation of multiple integrins by a single

chemokine at several cell-surface microdomains may be beneficial in triggering

robust lymphocyte adhesion in the presence of continuous blood flow in vivo. This

study also revealed that CXCL13 may contribute to a selective recruitment of

circulating T cells expressing CXCRS into LNs. Although a great majority of T cells

do not express CXCRS, a small fraction of activated or memory T cells (follicular

helper T cells) express this receptor (Schaerli et al. 2000, Moser et al. 2003).

CXCL13 expressed in HEVs may induce trafficking of such T cells into LNs so

they can interact with B cells within the secondary lymphoid tissues. This may also

be true for human tonsils, where CXCL13 is expressed by a fraction of the HEVs

(Schaerli et al. 2000). In summary, it was shown that CXCL13 expressed in a

substantial portion of HEVs in both the LNs and PPs plays a role of an arrest

chemokine for B cells. The results also suggest that CXCL13 may be a target for
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the regulation of B-cell trafficking to secondary lymphoid tissues, such as LNs and

PPs, and possibly to tertiary lymphoid tissues that have HEV-like venules, often

found in immunological diseases such as rheumatoid synovia and atopic skin.

Based on these results, several strategies for developing chemokine-directed

therapeutics emerge. For example, using their functions as arrest chemokines for T

cell, B cell, and monocyte homing, blocking chemokine signaling may relieve

pathophysiological hyper-immune responses in many diseases. In addition,

chemokine involvement in immune cell homing could be utilized to enhance

immune cell recruitment to sites of infection or to other sites of tissue pathology.

Recent research has shown that CXCL13 is involved in creation of anti-tumor

microenvironment in subjects with high-grade serous ovarian cancer (HGSC)

(Yang et al. 2021). CXCL13 shows anti-tumor activity by attracting anti-tumor

CXCR5"CD8" T cells to ovarian cancer cells, where the T cells are activated to

attack the tumor. This means, in addition to its physiological function in B cell

homing, CXCL13 has anti-tumor function by inducing migration of anti-tumor

immune cells. Immunotherapy of tumors is an area of active research and promise.

Immune checkpoint blockade therapy has been effective for a wide variety of

cancers, including HGSC in human (Hamanishi et al. 2007, Disis et al. 2019). For

example, Yang demonstrated that a combination of CXCL13 subcutaneous
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treatment and anti-PD-1 antibody showed better efficacy than anti-PD-1 antibody
monotherapy in a subcutaneous ovarian cancer mouse model. Accordingly,
development of CXCL13-targeted therapy such as a recombinant CXCL13 protein,

CXCL13 gene therapy, and CXCRS agonists for certain tumors appears warranted.
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Figure 1-1. B-cell adhesion to MLN HEVs is impaired in CXCL13-deficient
mice and restored by CXCL13 expression. (Kanemitsu et al. 2005)

(A) Whole-mount microscopy of MLNs from CXCL13-/- and WT mice. GFP-
transgenic B or T cells (green) were injected intravenously into WT and CXCL13-
/- mice. Subsequently, Alexa Fluor 594-conjugated MECA89 mAb (red) was
injected to label the HEVs in situ. (B) B- and T-cell adhesion to CXCL13-/- and
WT MLN HEV segments. HEVs were divided into segments as shown in (A), and
the number of cells bound to each segment was determined. In each experiment, 80
HEV segments/mouse were examined. Data represent the mean + S.D. of the
number of bound cells per HEV segment in three mice. Note that the B-cell
adhesion to CXCL13-/- MLN HEVs was ~40% of that seen to WT MLN HEVs (*,
P <0.01). (C) The frequency distribution of adherent B cells per HEV segment. (D)
Restoring CXCL13 to the MLN HEVs of CXCL13-/- mice restored B-cell adhesion.
After superfusion of MLNs with PBS or CXCL13, GFP-transgenic B cells and
Alexa Fluor 647-conjugated MECA89 mAbs (blue) were injected and analyzed as
in (A) (right panels). Frozen sections of the MLNSs of these mice were stained with

an anti-CXCL13 Ab (red) (left panels, arrow heads).
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Figure 1-2. CXCL13 induces B-cell adhesion to ICAM-1 and MAdCAM-1
under static conditions. (Kanemitsu et al. 2005)

B cells were stimulated with CXCL13 and allowed to bind to immobilized ICAM-
1 (A, C, and E), MAdCAM-1 (B, D, and F), or control IgG. PMA was used as a
positive control. After the unbound B cells were washed off, the bound B cells were
counted. The binding of B cells to ICAM-1 (A) was abrogated by mAbs to ICAM-
1 or CD1l1a (C) or by PTX (E). Similarly, the CXCL13-induced B-cell binding to
MAdCAM-1 (B) was inhibited by mAbs to CD49d or MAdCAM-1 (D) or by PTX
(F). Data represent the mean + S.D. of the number of bound B cells in triplicate
fields. *, P < 0.05, compared with untreated B cells. **, P < 0.01, compared with
untreated B cells. *** P < 0.01, compared with control IgG- or vehicle-treated B

cells.
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Figure 1-3. CXCL13 induces shear-resistant B-cell adhesion to ICAM-1 under
flow conditions. (Kanemitsu et al. 2005)

(A) Shear-resistant B-cell adhesion to ICAM-1 alone or to ICAM-1 with CXCL13.
The number of B cells that remained adherent at each shear-stress level was counted
and expressed as a percentage of the initially bound B cells. (B) Pretreatment of B
cells with PTX. The shear-resistant B-cell adhesion induced by CXCL13 (16
dyne/cm?) was abrogated by PTX. Data represent the mean + S.D. of three

independent experiments. *, P < 0.01, compared with vehicle-treated B cells.
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Figure 1-4. CXCL13 induces B-cell arrest on MAdCAM-1 under flow

Eventymm¥min €

conditions. (Kanemitsu et al. 2005)

(A) B cells were injected at 1 dyne/cm? into capillary tubes coated with MAdCAM-
1 with or without various concentrations of CXCL13. The B-cell interactions with
MAdCAM-1 were classified into three categories as described in Materials and
Methods. (B) B-cell arrest (dotted squares) was seen only in the CXCL13 co-
immobilized area. (C) The adhesive interaction of B cells with MAdCAM-1 was
abrogated by mAbs to CD49d or MAdCAM-1. (D) The CXCL13-induced B-cell
arrest was inhibited by pretreatment of the B cells with PTX. Data represent the
mean + S.D. for three separate experiments. *, P < 0.05, compared with vehicle-

treated B cells.
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Figure 1-5. CXCL13 induces integrin-dependent B-cell adhesion to BC1
endothelial cells. (Kanemitsu et al. 2005)

B cells were perfused at 0.1 dyne/cm? on BC1-cell monolayers that were untreated
or had been treated with CXCL13. Shear stress was applied at 2 dyne/cm? for 10
min and the number of remaining adherent B cells was counted. Results are
expressed as the percentage of input cells remaining bound. For inhibition studies,
B cells were treated with PTX or mAbs to CDI11a or CD49d. Data represent the
mean = S.D. for three separate experiments. *, P < 0.01, compared with untreated

BCl1 cells. ** P <0.01, compared with vehicle- or control IgG-treated B cells.
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Figure 1-6. CXCL13 activates signal transduction pathways involving Rap1
and RapL. (Kanemitsu et al. 2005)

(A) Activation of Rap1 in CXCL13-stimulated B cells. B cells were stimulated with
CXCL13 (30 nM) for the indicated times and subjected to a pull-down assay with
Ral GDS-RBD. The amounts of GTP-Rap1 (upper) and total Rap1 protein (lower)
were examined by western blotting with an anti-Rap1 antibody. (B) Shear-resistant
adhesion of wild-type (WT) and RapL-deficient B cells to ICAM-1. Cells were
stimulated with CXCL13 (100 nM) and allowed to bind ICAM-1. Shear-resistant

B-cell adhesion (2 dyne/cm?) was examined by parallel flow chamber assay.
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Chapter 2: Chronic treatment with the (iso-)glutaminyl cyclase
inhibitor PQ529 is a novel and effective approach for

glomerulonephritis in chronic kidney disease

Introduction

Chronic kidney disease (CKD) results in long-term kidney dysfunction.
CKD is relatively prevalent, with over 10% of the adult population in developed
countries estimated to suffer from the disease (Lopez-Novoa et al. 2010). CKD
occurs when strain is placed on the kidneys, e.g., by combinations of problems such
as high blood pressure, diabetes, high cholesterol, kidney infection, and
glomerulonephritis. A decrease of renal function is considered an independent risk

factor for both cardiovascular diseases and mortality in the general population.

A cure for CKD remains elusive. Although many treatments have been
developed for CKD, including angiotensin-converting enzyme (ACE) inhibitors
and angiotensin receptor blockers (ARBs), the absolute risk of morbidity and
mortality of renal and cardiovascular dysfunctions in CKD patients remains high

(Lambers Heerspink and de Zeeuw 2013). Novel CKD treatments are needed, either
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singly or in combination with existing therapies.

CCL2 (C-C motif Ligand 2, MCP-1) is a chemokine of the CC chemokine

subfamily. CCL2 has chemo-attractive activity for several types of immune cells,

including monocytes and macrophages, that express its corresponding receptor,

CCR2 (C-C chemokine receptor type 2, CD192), on their cell surface. Migration of

these immune cells to sites of inflammation is induced by binding of CCL2 to CCR2

(Carr et al. 1994, Xu et al. 1996, Gschwandtner et al. 2019). Macrophage signal

transduction through the CCL2/CCR?2 axis reportedly causes injury in the nephrons

and renal tubes of CKD patients, which can lead to glomerulonephritis and diabetic

kidney diseases (Wada et al. 2000, Tesch et al. 1999, Giunti et al. 2010, Tampe et

al. 2014, Haller et al. 2016, Moreno et al. 2018). In these diseases, overexpression

of CCL2 increases homing of macrophages to the tubulointerstitum and

glomerulus (Viedt et al. 2002), resulting in glomerulonephritis and proteinuria

(Banba et al. 2000, Eardley et al. 2006).

The effects of inhibition of the CCL2/CCR2 axis on CKD have been

demonstrated in several animal models (Lloyd et al. 1997, Kitagawa et al. 2004,

Kang et al. 2010, Sayyed et al. 2011). Inhibitors for CCL2/CCR2 axis, such as
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CCX140-B and emapticap pegol, are of clinical benefit for diabetic kidney disease

patients (DeZeeuw et al. 2015, Menne et al. 2017). Therefore, it has been suggested

that inhibition of the CCL2/CCR?2 axis would be a clinically meaningful approach

to manage CKD.

The biological activity of CCL2 is stabilized by pyroglutamylation (pE-) at

its N-terminus, formation of which is catalyzed by glutaminyl cyclase (QC) and

1s0QC (Cynis et al. 2008). When QC/isoQC inhibitors block pyroglutamylation,

CCL2 becomes structurally unstable, leading to loss of activity and increased

degradation (Cynis et al. 2011, Ling and Luster 2011, Chen YL et al. 2012). Given

this evidence, it was hypothesized that inhibition of QC/isoQC activity would be of

benefit in CKD. This hypothesis has been tested, using a rat model of

glomerulonephritis, by treating the animals with PQ529, a QC/isoQC inhibitor. The

potential of CCL2 levels was also evaluated in urine and blood as disease

biomarkers (Morgan et al. 2012) and as a measure of the effectiveness of QC/isoQC

inhibitors.
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Materials and Methods

QC/isoQC inhibitor

A QC/isoQC inhibitor was synthesized and used as described in Kanemitsu

et al. 2021. 1-(1H-Benzimidazol-6-yl)-5-(4-propoxyphenyl)imidazolidine-2,4-

dione (PQ529; Probiodrug, Halle, Germany) [Cynis H. 2011] was synthesized at

Astellas Pharma Inc. (Ibaraki, Japan).

Ethics statement

Animals used in this study and their handling conditions are described in

Kanemitsu et al. 2021. Animals were housed under controlled temperature,

humidity, and light (12-h light-dark cycle) conditions and provided a standard

commercial diet and water ad libitum. Animals were handled in accordance with

the Guide for the Care and Use of Laboratory Animals, and all procedures were

approved by the Animal Ethics Committee of Astellas Pharma Inc.

Pharmacokinetics

Pharmacokinetics assay was conducted as described in Kanemitsu et al.

2021. After oral administration of PQ529 (30 and 100 mg/kg) to non-fasting male
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Wistar rats, blood (0.2 mL) was drawn via jugular vein cannulation after 0.5, 1, 2,
4, and 6 h and then centrifuged to obtain the plasma fraction. The test compound in
plasma samples was extracted by deproteination with acetonitrile and then analyzed

by liquid chromatography-tandem mass spectrometry (LC-MS/MS).

Antibody to rat pE-CCL2

An antibody to rat pE-CCL2 was synthesized and used as described in
Kanemitsu et al. 2021. Genes of anti-rat pE-CCL2 antibody heavy chain and anti-
rat pE-CCL2 antibody light chain (Kanemitsu et al. 2021) were synthesized (Life
Technologies Japan, Tokyo, Japan) and sub-cloned into pEE6.4 vector and pEE12.4
vector (The GS Gene Expression System™; Lonza, Basel, Switzerland),
respectively. Both vectors (0.3 mg for each) were mixed and incubated with 1.2 mL
of 293fectin™ Transfection Reagent (Thermo Fisher Scientific, Waltham, MA,
USA) in 20 mL of OPTIMEM (Thermo Fisher Scientific) at room temperature (RT)
for 30 min. They were then applied to FreeStyleTM 293-F cells (Thermo Fisher
Scientific) followed by incubation at 37°C in 8% CO: for 5 days. The supernatant
of the Freestyle 293-F cells was collected and then applied to Protein G Sepharose

4 Fast Flow antibody purification resin (GE Healthcare, Chicago, IL, USA) to
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purify anti-pE-CCL2 antibody.

Pharmacodynamics

Pharmacodynamics assay was conducted as described in Kanemitsu et al.
2021. Ten minutes after oral administration of PQ529 (30 and 100 mg/kg) to non-
fasting male Wistar rats, lipopolysaccharide (LPS; from Escherichia coli 055:BS5,
0.5 mg/kg, 3,000,000 endotoxin units/mg; Sigma-Aldrich, St. Louis, MO, USA)
was injected intraperitoneally. Blood was drawn from the abdominal vena cava
using a 19- to 23-gauge needle under isoflurane anesthesia at 0 (pre-PQ529
treatment), 1, 2, 3, and 5 h and then centrifuged at =15,000 g to produce plasma
from which the levels of pE-CCL2 were determined. Heparin was used as the anti-
coagulation reagent. Plasma pE-CCL2 levels were measured by enzyme-linked
immunosorbent assay (ELISA). Anti-rat pE-CCL2 antibody binding to ELISA
plates (White 384-Well MaxiSorp™ Plates; Thermo Fisher Scientific) was
performed in phosphate-buffered saline (PBS) at 4°C overnight, followed by
blocking with 4% BSA and 0.1% (v/v) Tween 20 in PBS at room temperature for
30 minutes. After washing 3 times with 0.1% Tween 20 in PBS, plasma samples or
standard rat CCL2 (PeproTech, Rocky Hill, NJ, USA) were added and incubated

for 2 h at RT, followed by three additional washes. Biotin-conjugated anti-pE-
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CCL2 antibody diluted in Can Get Signal Solution 1 (TOYOBO, Osaka, Japan) was
added and incubated for 2 h at RT, followed by washing. Avidin-conjugated HRP
(Thermo Fisher Scientific) diluted in Can Get Signal Solution 2 (TOYOBO) was
then added and incubated for 1 to 1.5 h at RT, followed by washing. Finally,
SuperSignal™ ELISA Femto Substrate (Thermo Fisher Scientific) was added, and
the signal intensity and background of each well was measured and recorded with

Envision (PerkinElmer, Waltham, MA, USA).

Rat model of anti-glomerular basement membrane glomerulonephritis

CKD model rats were prepared, and treatment of PQ529 in the model rats
was conducted as described in Kanemitsu et al. 2021. Rabbit anti-glomerular
basement membrane serum (IBL, Fujioka, Japan) was intravenously administered
to 6-week-old male WKY rats (N = 30) (Charles River Laboratories Japan, Inc.,
Kanagawa, Japan). Age-matched rats were used as normal controls (N = 10).
Spontaneously voided urine was collected for 24 h from animals in metabolic cages,
and blood samples were taken at weeks 0 (a day before anti-GBM serum injection),
1, 2, and 3. Urinary protein concentrations were measured using a protein assay
reagent (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Plasma and urine

creatinine and blood urea nitrogen (BUN) levels were measured using a Hitachi
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7180 automatic analyzer (Hitachi High-Technologies Corporation, Tokyo, Japan).
Total CCL2 in serum and urine were measured using an ELISA kit (DAKO, Inc.,
Carpinteria, CA, USA). Urine KIM-1, B2 microglobulin, and clusterin were
measured using WideScreen™ Rat Kidney Toxicity Panel 1 and 2 (Merck,

Kenilworth, NJ, USA).

Anti-GBM serum-injected rats were grouped such that urinary protein
excretion, plasma creatinine and BUN levels, urine volume, and body weight were
uniform among the groups. Group compositions were as follows: (1) normal rats
(N =10), anti-GBM serum injected rats treated with (2) vehicle (N = 10), (3) PQ529
(30 mg/kg, N = 10), and (4) PQ529 (100 mg/kg, N = 10). PQ529 was orally
administered to the rats twice a day for 3 weeks. At weeks 0, 1, 2, and 3, the serum
CCL2 and creatinine, BUN, 24-h urinary protein excretion, urine creatinine, KIM-
1, B2 microglobulin, and clusterin levels were measured. After 24-h urinary
collection at week 3, blood samples were collected from the abdominal vena cava

under isoflurane anesthesia, and one kidney was removed from each rat and
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weighed.

Sample processing

Sample processing was conducted as described in Kanemitsu et al. 2021.
Urine samples collected over 24 h in metabolic cages were centrifuged at 3000—
6000 g and then urinary protein, creatinine, CCL-2, KIM-1, clusterin, and 2
microglobulin were measured in the resulting plasma. Blood samples were
collected under isoflurane anesthesia from the retro-orbital venous plexus (at weeks
0, 1, and 2) using heparin-coated glass capillaries (Terumo Corporation, Tokyo,
Japan) or from the abdominal vena cava (at week 3) using 19- to 23-gauge needles.
The blood was centrifuged at =15,000 g to measure the levels of serum or plasma
creatinine, CCL2, and BUN in the supernatant. Heparin was used as the anti-

coagulation reagent.

Kidneys removed from the animals were weighed and sectioned in halves
in the transverse plane. The upper half of one of the organs was immersed in 10%
neutral-buffered formalin for histological evaluation and the cortex of the
remaining half was frozen in liquid nitrogen and stored at -80°C until processing

for mRNA quantification. The other kidney was lysed with Pierce™ IP Lysis Buffer
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(Thermo Fischer Scientific) containing 1x of Halt™ Protease Inhibitor Cocktail,
EDTA-free (Thermo Fischer Scientific) to measure kidney CCL2 using an ELISA
Kit (DAKO, Inc.) and kidney IFN-y using a rat IFN-gamma Quantikine ELISA Kit

(R&D systems, Minneapolis, MN, USA).

Quantification of renal RNA

Renal RNA was quantified as described in Kanemitsu et al. 2021. Total
renal RNA was extracted using an RNeasy Mini Kit (QIAGEN, Hilden, Germany)
in accordance with the manufacturer’s instructions. Complementary DNA was
synthesized using a SuperScript™ VILO™ c¢DNA Synthesis Kit (Thermo Fischer
Scientific). Real-time polymerase chain reaction (PCR) was used to quantify the

CD68 and CCL2 gene expression with the following primers: 5’-

GAACCCGAACAAAACCAAGGT-¥ and 5’-
AGCTGTCCGTAAGGGAATGAGA-3’ for CD68 and 5-
CAGCACCTTTGAATGTGAACTTG-3’ and 5’-

TGCTTGAGGTGGTTGTGGAA-3’ for CCL2. Reactions were performed using

SYBR Green with an ABI PRISM 7900 Sequence Detection System (Applied

Biosystems, Foster City, CA, USA). Data were normalized to endogenous

hypoxanthine-guanine phosphoribosyltransferase (HPRT) or to a B-actin mRNA
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control.

Histology

Histological assay was conducted as described in Kanemitsu et al. 2021.

Specimen preparation and histopathological examinations were performed at the

Drug Safety Research Laboratories of Astellas Pharma Inc. Renal tissues fixed in

10% neutral-buffered formalin were embedded in paraffin, sectioned at 3 um, and

stained with hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS).

Mononuclear cell infiltration into kidney was quantified as previously described

(Huan Y et al, 2014). The total number of interstitial cell clusters, the size of each

cluster, and the total cumulative size of the clusters in randomly selected, non-

overlapping, 10 visual fields per H&E-stained kidney section was determined using

Aperio ImageScope version 12.3.3.5048 image analysis software (Leica

Biosystems, Wetzlar, Germany). To determine the degree of glomerulosclerosis, a

semiquantitative score was obtained from PAS-stained sections by grading

segmental and global sclerosis (grade 0: no damage, 1: segmental sclerosis in <50%,

2: segmental sclerosis in >50%, 3: global sclerosis in <25%, 4: global sclerosis in

>25% of the glomeruli in the visual field). To determine the degree of

tubulointerstitial damage, a semi-quantitative score was obtained from H&E-
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stained sections by grading dilation of the renal tubules, thickening of the basement

membrane, urinary cast, basophilic changes in the tubular epithelium, and hyaline

droplet deposition (grade 0: no damage, 1: damage in 25%, 2: damage in half, 3:

damage in 75%, 4: damage in the whole area of the renal cortex in the visual field).

Statistical analyses

Statistical analyses were conducted as described in Kanemitsu et al. 2021.

Results are expressed as the mean + standard deviation (S.D.). Significance was

determined using Student’s 7-test, while those among multiple groups were assessed

using a one-way analysis of variance followed by Dunnett’s multiple comparisons

test as a post hoc test. Correlations were analyzed using Pearson’s rank correlation.

Histopathological scores were compared using a Mann-Whitney test to analyze

differences between two groups, while a nonparametric Kruskal-Wallis analysis of

variance followed by Dunn’s multiple comparisons test was used for comparisons

among multiple groups. A value of p <0.05 was considered significant. Statistical

and data analyses were conducted using GraphPad Prism 8.0.2 (GraphPad Software,

San Diego, CA, USA).
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Results

Pharmacokinetic and pharmacodynamic profiles of PQ529

After oral dosing of PQ529 (30 and 100 mg/kg) to Wistar rats, the plasma

concentration of free, unmodified Q529 peaked at 30 minutes (6.5 and 33 uM of

plasma concentrations at 30 and 100 mg/kg of the compound, respectively) and then

gradually decreased (Fig. 2-1a), with a terminal half-life of 0.5—1.0 hours. Using an

estimate for free, unmodified PQ529 of 12% (unpublished data), we found that

concentrations of PQ529 in the blood of animals 30 min after dosing with 30 or 100

mg/kg of the compound were ~784 and ~4000 nM, respectively.

The ICso of the blocking effects of PQ529 on human, murine, and rat isoQC

enzymatic activity were 37, 43, and 20 nM, respectively. Additionally, the ICso for

effects of PQ529 on the QC/isoQC in mouse Raw264.7 and human THP-1 cells

were 630 and 1500 nM, respectively (data not shown). In our pharmacodynamics

study, doses of 30 or 100 mg/kg of PQ529 inhibited LPS-induced pE-CCL2

production by ~30% and ~50%, respectively, as measured 2 h after the LPS

injection (0.5 mg/kg) (Fig. 2-1b).
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Effects of repeated dosing of PO529 on kidney function and plasma, urine, and

kidney CCL2 levels in a rat model of glomerulonephritis

No deaths were observed in any tested rats during the drug administration

period. Compared with normal rats, anti-GBM-induced glomerulonephritis led to

progressive increases in urinary protein excretion and BUN. Repeated

administration of PQ529 (30 and 100 mg/kg) attenuated the increase of urinary

protein and BUN in a dose-dependent manner at week 3 (Fig. 2-1c and Table 2-1).

Additionally, the concentration of total CCL2 in serum and urine was significantly

elevated in the glomerulonephritis rats past two weeks following the anti-GBM

serum injection. At necropsy, expression of CCL2 in kidney was significantly

higher in the glomerulonephritis rats compared to the normal rats. Repeated

administration of PQ529 significantly inhibited the increase of CCL2 levels in

serum, urine, and kidney in a dose-dependent manner (Fig. 2-2a, b, and c) after 3

weeks of PQ529 treatment. Urinary protein excretion and CCL2 levels in serum (r

=0.87, 95% confidence interval [CI] = 0.76-0.93, p <0.01), urine (r = 0.76, 95% CI

= 0.59-0.87, p <0.01), and kidney (r = 0.91, 95% CI = 0.84-0.95, p <0.01) were

positively correlated (Fig. 2-2d, e, and ).
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Effects of repeated dosing of PQ529 on mononuclear cell infiltration into kidney,
glomerulosclerosis, and tubulointerstitial injury in glomerulonephritis rats

In the glomerulonephritis rats at necropsy, mRNA levels of CD68 and CCL2
in the kidney cortex were increased significantly. Repeated administration of
PQ529 resulted in significant suppression of increased CD68 and CCL2 mRNA
levels in a dose-dependent manner (Fig. 2-3a and b). Histological analyses of the
kidneys of tested animals showed an increase in mononuclear infiltration into the
interstitium in the glomerulonephritis rats and suppression of the infiltration by the
repeated dosing of PQ529 (Fig. 2-4a, b, and c). Additionally, PQ529, at 100 mg/kg,
decreased the severity of glomerulosclerosis and tubulointerstitial injury (Fig. 2-5a

and 5b).

Kidney injury molecule-1 (KIM-1), 2 microglobulin, and clusterin levels
in the urine, as well as IFN-y expression in the kidney cortex, progressively
increased in the glomerulonephritis model rats relative to the normal rats. Repeated
dosing of PQ529 lowered the levels of KIM-1, B2 microglobulin, clusterin, and
IFN-y expression in the kidneys in a dose dependent manner (Fig. 2-6a, b, ¢, and d).

These effects were statistically significant at 100 mg/kg.
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Discussion

It is known that a final common pathway in CKD shows a correlation

between macrophage infiltration and fibrosis in kidney (Hodgkins et al. 2012 and

Yonemoto et al. 2006). CCL2/CCR2 signaling induces mononuclear cell infiltration

and inflammation in the kidney (Tesch et al 1999, Giunti et al. 2010, Tampe et al.

2014, Haller et al. 2016, Moreno et al. 2018), and inhibition of this signal pathway

shows beneficial effects in CKD animal models (Lloyd et al. 1997, Kitagawa et al.

2004, Kang et al. 2010, Sayyed et al. 2011) and in humans (DeZeeuw et al. 2015,

Perez-Gomez et al. 2016, Menne et al. 2017). Furthermore, some reports show that

the urinary CCL2 levels correlate with urinary protein levels (Banba et al. 2000,

Eardley et al. 2006), so urinary CCL2 level may be used as a biomarker for CKD

(Verhave et al. 2013, Siddiqui et al. 2019). Genetic variants of CCL2 (e.g., an A/G

polymorphism at nucleotide position 2518 in the distal 5’ regulatory region)

reportedly also correlates with the risk of IgA nephropathy in humans (Gao et al.

2016). Here, 1 showed that administration of the QC/isoQC inhibitor PQ529

protected the kidneys of anti-GBM serum-induced glomerulonephritis rats from

progressive dysfunction. Inhibition of CCL2/CCR2 signal transduction thus may be

a novel, effective approach for the treatment of CKD.
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The anti-GBM serum-induced glomerulonephritis rat model of CKD often

is used to investigate the disease mechanism and evaluate novel treatments for CKD.

In this CKD model, expression of CCL2 increases in the tubulointerstitium and

glomeruli immediately after administration of the anti-GBM serum (Tang 1996,

Natori 1997). Increased kidney CCL2 levels in this model also appear to be

involved in the progression of kidney dysfunction, as evidence by tubulointerstitial

fibrosis, glomerulonephritis, and massive proteinuria accompanied by monocyte

and macrophage migration to the kidneys (Taniguchi 2007). Blockage of

CCL2/CCR2 signaling by anti-CCL2 antibodies and CCR?2 inhibitors attenuates

proteinuria and inflammation in the tubulointerstitium and glomeruli and

suppresses mononuclear cell infiltration (Wada et al. 1996). In the present study,

repeated administration of PQ529 significantly decreased CCL2 levels systemically

(in serum and urine) and locally (in the kidney itself), suggesting that inhibition of

QC/is0QC decreases the levels of stable, pE-modified CCL2 in vivo. Several

articles have shown that the CCL2/CCR2 axis is involved in the final common

pathway of CKD and that inhibitors of this axis were effective in CKD animal

models (Kang et al. 2010, Sayyed et al. 2011). Development of more potent

QC/is0QC inhibitors may lead to increased inhibition of the CCL2/CCR2 axis in

the glomerulonephritis model. Taken together, these reports suggest that inhibitors
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of QC/isoQC are effective against not only glomerulonephritis but also kidney

inflammation in CKD.

In this study, CCL2 level was determined by using a commercial ELISA kit.

This method detects epitopes other than pE-N-terminal amino acids, meaning that

the levels of CCL2 in the in vivo model represent total CCL2 levels. This method

was used in the glomerulonephritis rat studies because pE-CCL2 levels were below

the limit of detection, whereas pE-CCL2 levels were easily determined in the rat

PD model using LPS as stimulator of CCL2 production. Nevertheless, regardless

of CCL2 detection method, decreases in total CCL2 levels after continuous

treatment with PQ529 show that this compound is an effective inhibitor of the

CCL2/CCR2 axis.

Sayyed et al. have shown that CCL2 in blood induces the migration of

CCR2-expressing monocytes through the bone marrow into the blood stream and

that CCL2 in the tubulointerstitium induces macrophage infiltration to sites of

inflammation in CKD kidneys (Sayyed et al. 2011). I observed decreased serum

CCL2 levels, but macrophage concentrations in the blood were not determined,

something that should be done in the future. It was also found that decreases in
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CCL2 protein in the kidney positively relate to mononuclear cell infiltration.

However, the decrease in expression of CD68 in the kidney was less than the

semiquantitative scores of mononuclear cell infiltration. Because the

histopathological data are evaluated semi-quantitatively, comparison between the

effect of PQ529 on CD68 expression and its effect on of mononuclear cell

infiltration may not be appropriate. Determining the time course of macrophage

infiltration by immunohistochemical methods would be a better approach to explain

differences of effects of the treatment on CCL2 protein, CD68 expression, and

monocyte infiltration in the kidney.

The decrease in CCL2 mRNA expression in PQ529-treated

glomerulonephritis rats may have been caused by a decrease in inflammation in the

tubulointerstitium as a result of reduced macrophage infiltration. The following

observations were also noted: reductions in the levels of the tubular injury markers

KIM-1, B2 microglobulin, and clusterin in urine; decreased IFN-y expression in the

kidney; and reduced tubulointerstitial injury in these animals. A trend towards

decreased glomerulosclerosis of the kidneys of PQ529-treated rats was seen.

Collectively, these data suggest that PQ529-induced reductions of mononuclear cell

or macrophage infiltration of the kidney prevent kidney injury, although it is

64



difficult to confirm this because of the semiquantitative nature of histopathological

analyses. In addition, other chemokines and a cytokine (CCL5 [RANTES], CXCL8

[IL-8], or PDGF) have been reported to contribute to glomerulonephritis

(Stasikowska et al. 2007). Further studies will be needed to elucidate the roles of

these different cytokines in CKD.

Chronic PQ529 treatment reduced proteinuria and kidney inflammation in

the glomerulonephritis rats, results that support the potential benefits of inhibitors

of CCL2/CCR?2 signaling in CKD. Furthermore, total CCL2 levels in both serum

and urine were reduced in a dose dependent manner by chronic treatment with

PQ529. Recently, it has been reported that confirming pharmacological signals of

administered drugs in early development is important for more efficient drug

development (Morgan et al. 2012). This study shows that serum and urine CCL2

are pharmacodynamic biomarkers of QC/iso QC inhibitors for CKD, making use of

these inhibitors for CKD preferable to using other CCL2/CCR2 axis inhibitors for

which no proof of pharmacology biomarkers exist.

In recent years, clinical studies of inhibitors of CCL2/CCR2 signaling, such

as emapticap pegol and CCX140-B, were conducted in patients with diabetic
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kidney disease. Neither of the compounds had significant effects on proteinuria in

these phase 2 trials, but a trend toward improvement was observed. Interestingly,

lower doses (5 mg) were more effective than higher doses (10 mg), which caused

higher CCL2 expression (deZeeuw et al. 2015), likely due to a compensatory

response to receptor blockade by CCX140-B. It was confirmed in human THP-1

cells that CCX140-B itself increased the levels of LPS-induced pE-CCL2, whereas,

in contrast, PQ529 decreased the levels (data not shown). It was also confirmed that

chronic treatment with PQ529 decreased CCL2 mRNA expression in the kidneys

of glomerulonephritis rats, suggesting that PQ529 does not have compensatory

effects on CCL2 expression in in vitro or in vivo. These findings suggest that

compensatory elevations of CCL2 in humans should not be expected due to chronic

administration of QC/isoQC inhibitors. This prediction is supported by the observed

decreases of serum, urine, and kidney CCL2 in glomerulonephritis rats treated with

PQ529. CCL2 levels in serum and urine can serve as biomarkers of disease state

and effects, which means they would be of tremendous value as efficacy measures

in phase 1, 2, and 3 clinical trials.

Findings in this study suggest that CCL2/CCR?2 signaling plays a crucial

role in glomerulonephritis in CKD and that the QC/isoQC inhibitor PQ529 can
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inhibit this signaling by blocking pyroglutamylation of the N-terminal glutamine of
CCL2. These results in suppression of kidney inflammation and inhibits the
progression of renal dysfunction. Chronic treatment with QC/isoQC inhibitors thus

may be a novel and effective approach for treating glomerulonephritis and CKD.
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Table 2-1. Effect of repeated administration of PQ529 on general parameters

in glomerulonephritis rats. (Kanemitsu et al. 2021)

PQ529 was orally administered to glomerulonephritis rats twice daily for three

weeks. The values are the mean + standard deviation for 10 animals per group.

Normal Glomerulonephritis
Index
Vehicle Vehicle 30 mg/kg 100 mg/kg
Body weight (g) 265+17 25248% 25749 257+11
Food intake (g/day) 17.1 16.1 16.7 17.5
Creatinine clearance (mL/day/100 g body weight) ~ 1397+98 893+131* 854+190 1041+154
Blood urea nitrogen (mg/dL) 13.2+1.5 18.0+4.6* 16.4+2.8 13.6+2.5"

*p<0.05 vs. normal group using Student’s t test

#p<0.05 vs. glomerulonephritis vehicle group using Dunnett’s multiple comparison

test
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Figure 2-1. Pharmacokinetics and pharmacodynamics of PQ529 in Wistar and
WKY rats and effect of repeated administration of PQS529 on the urinary
protein excretion in anti-GBM-induced glomerulonephritis rats. (Kanemitsu et
al. 2021)

(a) Time course of changes in the plasma concentration of the unchanged PQ529
(30 and 100 mg/kg) in male Wistar rats. (b) Time course of changes in the plasma
concentration of pE-CCL2 after the administration of PQ529 (30 and 100 mg/kg)
to WKY rats. (c) PQ529 was orally administered to anti-GBM-induced
glomerulonephritis rats twice daily for three weeks. Data are expressed as the mean
+ S.D. for (a) three Wistar rats and (b) five WKY rats per sampling point and (c)
ten WKY rats per group. The results are expressed as the mean + standard deviation
(S.D.). Significant differences between two groups were assessed using Student’s
t-test, while those among multiple groups were assessed using a one-way analysis
of variance followed by Dunnett’s multiple comparisons test as a post hoc test.

*p<0.05 vs. normal group, #p<0.05 vs. vehicle group
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Figure 2-2. Effect of repeated administration of PQ529 on (a) serum, (b) urine,
and (c¢) kidney CCL2 and correlation between (d) serum, (e) urine, and (f)
kidney CCL2 and urine protein-to-creatinine ratio in anti-GBM-induced
glomerulonephritis rats. (Kanemitsu et al. 2021)

PQ529 was orally administered to anti-GBM-induced glomerulonephritis rats twice
daily for three weeks. Data are expressed as the mean = S.D. for 10 animals per
group. The results are expressed as the mean + standard deviation (S.D.).
Significant differences between two groups were assessed using Student’s z-test,
while those among multiple groups were assessed using a one-way analysis of
variance followed by Dunnett’s multiple comparisons test as a post hoc test.
Correlations were analyzed using Pearson’s rank correlation. *p<0.05 vs. normal

group, #p<0.05 vs. vehicle group

70



1Y)
(o2

o
©
|

N=10/arm

=
w
|

(normalized to HPRT)
o o
IS o
I |
s
L]
e |0
> >
>
D
>
.
E ]
(normalized to HPRT)
o
N
)
L]
LL N J
l>;l
>
>
.
ld% o

Relative CD68 mRNA expression
Relative CCL2 mRNA expression

0.2 e 0.1 .
0.0 0.0 SR
Normal Vehicle 30 100 Normal Vehicle 30 100
PQ529 (mg/kg) PQ529 (mg/kg)

Figure 2-3. Effect of repeated administration of PQ529 on renal (a) CD68 and
(b) CCL2 expression in anti-GBM-induced glomerulonephritis rats.
(Kanemitsu et al. 2021)

PQ529 was orally administered to anti-GBM-induced glomerulonephritis rats twice
daily for three weeks. Data are expressed as the mean = S.D. for 10 animals per
group. The results are expressed as the mean + standard deviation (S.D.).
Significant differences between two groups were assessed using Student’s z-test,
while those among multiple groups were assessed using a one-way analysis of
variance followed by Dunnett’s multiple comparisons test as a post hoc test.

*p<0.05 vs. normal group, #p<0.05 vs. vehicle group
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Figure 2-4. Effect of repeated administration of PQ529 on mononuclear cell
infiltration in glomerulonephritis rats. (Kanemitsu et al. 2021)

PQ529 was orally administered to glomerulonephritis rats twice daily for three
weeks. Data are expressed as the mean = S.D. for 10 animals per group. Significant
differences between two groups were assessed using Student’s 7-test, while those
among multiple groups were assessed using a one-way analysis of variance
followed by Dunnett’s multiple comparisons test as a post hoc test. *p<0.05 vs.

normal group, #p<0.05 vs. vehicle group.
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Figure 2-5. Effect of repeated administration of PQS529 on (a)
glomerulosclerosis and (b) tubulointerstitial damage in glomerulonephritis
rats and representative light micrographs of renal tissues obtained from (c, d)
normal (semiquantitative scores of glomerulosclerosis, tubulointerstitial
damage: 0, 0), (e, f) glomerulonephritis (scores: 3, 3), and (g, h) PQ529 (100
mg/kg)-treated rats (scores: 2, 1). (Kanemitsu et al. 2021)

Magnification: left, x40 (PAS stain); right, x10 (H&E stain). PQ529 was orally
administered to glomerulonephritis rats twice daily for three weeks. Data are
expressed as the median for 10 animals per group. Histopathological non-
parametric scores were compared using a Mann-Whitney test to analyze differences
between two groups, while a nonparametric Kruskal-Wallis analysis of variance
followed by Dunn’s multiple comparisons test was used for comparisons among

multiple groups. *p<0.05 vs. normal group, #p<0.05 vs. vehicle group.
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Figure 2-6. Effect of repeated administration of PQ529 on the urinary (a) KIM-
1, (b) B2 microglobulin, and (c) clusterin levels and (d) kidney IFN-y levels in
anti-GBM-induced glomerulonephritis rats. (Kanemitsu et al. 2021)

PQ529 was orally administered to anti-GBM-induced glomerulonephritis rats twice
daily for three weeks. Data are expressed as the mean + S.D. for 10 animals per
group. Significant differences between two groups were assessed using Student’s #-
test, while those among multiple groups were assessed using a one-way analysis of
variance followed by Dunnett’s multiple comparisons test as a post hoc test.

*p<0.05 vs. normal group, #p<0.05 vs. vehicle group
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General Discussion

Chemokines comprise a superfamily of relatively small chemoattractant

cytokines (Le et al. 2004). They have broad roles in human and animals, being

involved in inflammation, allergic reactions, responses to tumors, etc. (Le et al.

2004). One of their most important roles is controlling immune responses (Le et al.

2004). Chemokine-targeted therapies thus may be effective for many disorders and

diseases, but to be effective and safe, elucidation of the mechanisms of chemokine

action will be necessary.

In the chapter 1, it was demonstrated that CXCL13 expressing LN- and PP-

HEVs (Ebisuno et al. 2003) induce arrest in MLNs of B cells expressing CXCRS.

In CXCL13-null mice, adhesion of B cells in MLN HEVs was selectively reduced,

and this reduction was restored by the reconstitution of CXCL13 proteins in the

MLN HEVs. In in vitro adhesion studies, CXCL13 induced shear-resistant B-cell

adhesion under static and shear-stressed conditions by activation of integrins.

CXCL13-induced integrin activation was Gai-dependent and involved intracellular

Rapl/RAPL-mediated signal pathways. These results corroborate previous

observations in PP HEVs in CXCL13-null mice (Ebisuno et al. 2003) and show that
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CXCL13 is an arrest chemokine for B cells in both MLN HEVs and PP HEVs. In

addition to their critical roles in lymphocyte homing and recruitment to

inflammatory sites, chemokines are involved in many other processes. CCL3 (MIP-

la), CXCL12 (SDF-1), CXCL2 (MIP-20), CXCL8 (IL-8), and other CC, CXC,

and CX3C chemokines act synergistically to regulate hematopoiesis (Broxmeyer et

al. 1999, Ma et al. 1998). The CXCL12/CXCR4 axis plays an essential role in

vascularization, haematopoiesis, and cerebellar development (Tachibana et al. 1998,

Zou et al. 1998). CXCLS is an essential protein in angiogenesis (Koch et al. 1992,

Strieter et al. 1992).

Because of their involvement in immune system homeostasis and in

development, dysfunction in chemokine signaling may be pathogenic. Chemokines

such as CCL2, CCL5, CXCLS, and CXCLI12 are involved in tumor growth and

metastasis and as anti-tumor effectors, through induction of mononuclear cell

migration to tumors (Wang et al. 1998, Murphy 2001). Murphy et al. (Murphy

2001) also have argued that CXCL12 functions as an arrest chemokine for CXCR4-

expressing breast tumors. A mechanistic understanding of chemokines action thus

is crucial if new treatments for tumor metastasis are to be developed. Additionally,

as described in the chapter 1, CXCL13 expression at tumor sites promotes migration
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of anti-tumor T cells expressing CXCRS (Yang et al. 2021). Furthermore, anti-PD-

1-directed tumor therapy is improved when done in combination with CXCL13. It

is possible that chemokine add-on therapy also could be effective for tumors for

which anti-PD-1 or anti-PD-L1 treatments are indicated (Yang et al. 2021).

Chemokine control may also be of value in preventing viral infections as CCRS, a

receptor for CCLS5, is a co-receptor of HIV (Necula et al. 2021) and other

chemokine receptors are involved in virus infection. These potential applications of

drugs targeting chemokine signaling explain why the field is so active.

It is known that there are three FDA-approved drugs targeting chemokine

signaling. Maraviroc (Selzentry; Pfizer) is a small-molecule blocker of HIV-1 entry

into host cells mediated by the CCRS chemokine receptor. This drug, in

combination with other antiretroviral agents, was approved by the FDA and EMA

in 2007 for combination anti-retroviral treatment of adults infected with only

CCRS5-tropic HIV-1 detectable and who have evidence of viral replication and HI'V-

1 strains resistant to multiple anti-retroviral agents. The mechanism of action of

Maraviroc is unique because it blocks an HIV coreceptor (Moore et al. 2009,

Stellbrink et al. 2016). Plerixafor (Mozobil; Genzyme) is an antagonist of CXCR4

that is used in combination with granulocyte-colony stimulating factor (G-CSF) to
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mobilize haematopoietic stem cells to the peripheral blood for collection and

subsequent autologous transplantation in patients with non-Hodgkin’s lymphoma

and multiple myeloma (DiPersio et al. 2009, Steinberg et al. 2010). Its mechanism

of action is blocking the CXCLI12/CXCR4 axis that plays a key role in

haematopoietic stem cell homing and retention in the bone marrow. It is noteworthy

that treatment of lymphomas with Plerixafor involves inhibiting a normal

physiological function of CXCL12. Mogamulizmab is a monoclonal antibody for

CCRA4 that is used in the treatment of mycosis fungoides or Sézary syndrome (a T

cell lymphoma) (Kim et al. 2018, Kasamon et al. 2019). In Sézary syndrome, its

mechanism of action is thought to be binding to CCR4 over-expressed on the

lymphoma cell surface, another action involving interference with normal

physiologic functions. Given that pathophysiological roles of CCL2/CR2 axis in

CKD which were shown in the Chapter 2 of the present study and several reports

(Tang 1996, Natori 1997, Taniguchi 2007), the treatment approach of use of QC/iso

QC inhibitors for CKD is considered similar to the concepts both of mogamulizmab

(blocking pathophysiological function of atypically increased chemokine) and

plerixafor (modulating chemotaxis of certain immune cells by blocking chemokine

signaling).
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In the chapter 2, effects of inhibition of CCL2/CCR2 axis was investigated

as a novel therapeutic target by structurally destabilizing the chemokine protein

using QC/isoQC inhibitors. Several reports of the potential therapeutic benefits of

blocking the CCL2/CCR?2 axis had been reported (Lloyd et al. 1997, Kitagawa et

al. 2004, Kang et al. 2010, Sayyed et al. 2011) and some had already proceeded to

clinical studies with CKD subjects. However, clinically meaningful benefits to the

subjects were not observed. A randomized, double-blind, placebo-controlled

clinical study with CCX140-B, a CCR2 inhibitor, has been conducted in subjects

with type 2 diabetes and nephropathy (deZeeuw et al. 2015). Two doses of the drug

(5 and 10 mg) were used. Surprisingly, only the lower dose showed statistically

significant decreases in albuminuria at the completion of the study (56 weeks),

although a trend toward effectiveness was seen at the higher dose. deZeeuw et al.

further investigated this unexpected dose-dependency relationship. They reported

that plasma CCL2 concentration increased in a dose dependent manner, which they

suggested was a compensatory effect of CCL2/CCR?2 inhibition and regarded as

significant drawback of the CCL2/CCR?2 inhibition approach for treatment of CKD.

If so, development of CCR2 antagonists will require modifications to the approach

and monitoring of plasma CCL2 levels.
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In the chapter 2, it was also shown that chronic treatment of PQ529

decreased proteinuria and decreased CCL2 levels in blood, urine, and kidney.

Decreases in proteinuria and CCL2 were correlated. These observations were not

unexpected because the QC/isoQC inhibition approach results in the destabilization

of CCL2 by blocking N-terminal pyroglutaminylation. Regardless of the previous

failure of CCR2 antagonists, this novel approach thus seems effective and

promising. Additionally, PQ529 reportedly showed therapeutic effects on other

diseases such as Staphylococcus aureus-induced septic arthritis (Hellvard et al.

2013) and non-alcoholic fatty liver disease (Cynis et al. 2013) in animal studies,

suggesting that the QC/isoQC inhibition approach may be a reasonable therapeutic

approach to a wide variety of diseases with CCL2/CCR2 dysfunctions.

There is another anti-CCL2/CCR2 axis treatment, emapticap pegol (NOX-

E36), which completed a phase 2 clinical study in type 2 diabetic patients with

albuminuria (Menne et al. 2017). Emapticap pegol is an inhibitor of CCL2 that was

administered to subjects for 12 weeks. Blood monocyte count was used as a

pharmacodynamics biomarker, which decreased 15-20% during the study. However,

only a trend toward reduction of albuminuria and HbAlc was observed at the end

of the trial and thus far no additional studies have been reported. CCL2 levels were
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significantly lower in blood (30%), urine (40%), and kidney (50%) at higher doses

of emapticap pegol (100 mg/kg). This result may suggest higher potency of PQ529

than emaptical pegol, but as described in the chapter 2 as a limitation of the present

study, blood monocyte count in chronic treatment of PQ529 has not been evaluated

yet. The effect of PQ529 on proteinuria was larger in our non-clinical study than in

the clinical trial of emapticap pegol, suggesting that PQ529 treatment may be

superior, but translational studies will be required to determine if this true.

Regardless, proteinuria may be a useful disease biomarker, as would CCL2 in blood

and urine, that could be used in drug screening for CKD.

As described in the chapter 1, the mechanism of certain chemokines in

lymphocyte homing is activation of adhesion molecules (e.g., integrin) expressed

on the lymphocyte cell surface. It has been reported that CCL2 is an arrest

chemokine for inflammation-induced monocyte migration to lymph nodes via

HEVs (Palframan et al. 2001, Ley. 2003). Given this result, it has been hypothesized

that overexpressed CCL2 in the glomerulonephritis kidney functions as an arrest

chemokine to immobilize monocytes in glomeruli. To test this hypothesis, further

investigation using blockers to adhesion molecules expressing on monocytes or

HEVs would be helpful. a4 integrin expressed on monocytes ( Yusuf-Makagiansar.
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2002) also may contribute to monocyte migration to damaged glomeruli. This

suggests another therapeutic approach for CKD, namely blocking integrin on

monocytes. It is noted that vedolizumab, an anti-a4 7 integrin, is an FDA-approved

drug for treating inflammatory bowel diseases (Luzentales-Simpson. 2021). This

type of integrin inhibitor may also be effective for treating inflammatory kidney

disease in CKD patients. Regardless of the mechanisms of action of different

potential therapeutic agents, selectivity and specificity of the targeted molecules for

glomerulonephritis will need to be established to ensure their safety and efficacy.

For this purpose, as described in the chapter 2, will also be important to study

further the involvement of chemokines other than CCL2 in the action of PQ529 in

the glomerulonephritis rats, especially while the role of QC/isoQC in controlling

the stability of other chemokines remains incomplete.

Collectively in the investigations of this dissertation, it was also suggested

that there are multiple different types of effective and preferred approaches to

modulate functions of a certain combination of chemokines and their receptors as

novel treatments for diseases. In the chapter 1 and 2, it was described that

physiological and pathophysiological functions of CXCLI13/CXCRS5 axis and

CCL2/CCRS5 axis are different. CXCL13 functions as a homeostatic chemokine,
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and CCL2 show some pathophysiological functions under disease conditions.

Regarding applications of CXCL13/CXCRS5 axis for drug development, it has

already suggested that the use of CXCL13 itself in combination with anti-PD-1

antibody, is effective on ovarian cancer (Yang et al. 2021). For enhancement of

CXCL13/CXCR5, CXCRS5 agonists or anti-CXCRS5 agonistic antibodies may

become potential therapeutic options, and further researches are warranted. In the

chapter 2, it was suggested that promoting degradation of CCL2 by inhibition of

QC/is0QC is effective and may overcome of drawbacks of other CCL2/CCR2 axis

inhibition approaches such as increase of CCL2 after chronic treatment of a CCR2

inhibitor (deZeeuw et al. 2015) and marginal PD profile (Menne et al. 2017).

Additionally, blockers to CCRS (maraviroc) and CXCR4 (plexiafor) and anti-CCR4

monoclonal antibody (mogalizumab) have already been approved by the FDA for

treatments of certain diseases. These evidences have implied that enhancement of

homeostatic chemokines and inhibition of pathophysiological chemokines may be

basic reasonable approaches for chemokine-based drug development. These also

indicate that there should be different characteristics in multiple modalities to

modulate chemokine/chemokine receptor axis enhancement or inhibition, and these

differences relate to different outcomes even within the same target

chemokine/chemokine receptor axis. This consideration also stresses importance of
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confirmation of pharmacological signals in addition to pharmacokinetic and

pharmacodynamic biomarkers of administered drugs in early nonclinical and

clinical development (Morgan et al. 2012) to predict if the selected modality and

approach may be the best approach to modulate the targeted chemokine signaling.

In summary, regarding the physiological function of chemokines in

lymphocyte homing, it was shown that CXCL13 expressed on HEVs in lymph

nodes is an arrest chemokine for B cells. This finding suggests therapeutic

approaches to block functions of arrest chemokines in certain pathophysiological

conditions. In CKD, it was shown that CCL2/CCR2 signaling is essential for the

progression of glomerulonephritis by triggering monocyte mobilization into sites

of inflammation. Inhibition of QC/isoQC was found to be effective in attenuating

inflammation and dysfunction of the kidney by inhibiting this monocyte infiltration.

QC/is0QC inhibition thus appear to be a novel and effective approach to manage

glomerulonephritis and CKD.
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