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Thirty-five years since the discovery of chemotactic cytokines,
interleukin-8 and MCAF': A historical overview

By Kouji MATSUSHIMA,*> @ Shigeyuki SHICHINO*! @ and Satoshi UEHA*!

(Edited by Shizuo AKIRA, M.J.A.)

Abstract: Inflammation is a host defense response to various invading stimuli, but an
excessive and persistent inflammatory response can cause tissue injury, which can lead to
irreversible organ damage and dysfunction. Excessive inflammatory responses are believed to link to
most human diseases. A specific type of leukocyte infiltration into invaded tissues is required for
inflammation. Historically, the underlying molecular mechanisms of this process during
inflammation were an enigma, compromising research in the fields of inflammation, immunology,
and pathology. However, the pioneering discovery of chemotactic cytokines (chemokines),
monocyte-derived neutrophil chemotactic factor (MDNCEF; interleukin [IL]-8, CXCLS8) and
monocyte chemotactic and activating factor (MCAF; monocyte chemotactic factor 1 [MCP-1],
CCL2) in the late 1980s finally enabled us to address this issue. In this review, we provide a
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historical overview of chemokine research over the last 35 years.
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1. Introduction

Inflammation is a fundamental host defense
response to invading external stimuli, such as
infecting pathogenic microorganisms, allergens, envi-
ronmental chemicals, and UV /irradiation, as well as
internal stimuli such as oxidized lipids, glycated
proteins, nucleic acids, alarmins released from dead
cells, and urate/cholesterol crystals, which occur due
to the excessive intake of foods and aberrant
metabolism. Excessive persistent inflammatory re-
sponses, however, can cause tissue injury leading to
irreversible organ damage and dysfunction, such as
that associated with fibrosis. Inflammatory diseases
account for over 90% of human diseases, and they
include arteriosclerosis, ischemia reperfusion injury
(cardiac infarction and brain infarction), diabetes
mellitus, organ fibrosis, infections, and cancer.
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Inflammation is widely reported to be associated
with a specific type of leukocyte infiltration into
affected tissues.” However, the underlying molecular
mechanisms of the specific type of leukocyte infiltra-
tion were historically an enigma, which limited
research in the fields of inflammation, pathology,
and immunology. This was changed, however, in the
late 1980s with the pioneering discovery of chemo-
tactic cytokines (chemokines), monocyte-derived
neutrophil chemotactic factor (MDNCEF; interleukin
[IL]-8, CXCL8)?* and monocyte chemotactic and
activating factor (MCAF; monocyte chemotactic
factor 1 [MCP-1], CCL2).Y") This review presents a
historical overview of chemokine research, including
the odyssey involved in the discovery of chemokines,
the chemokine family and their receptors, and the
pillars of chemokine research, which have enabled the
elucidation of the roles of chemokines in inflamma-
tion, immunity, and infection. Finally, we present
the role of chemokines in the era of cancer
immunotherapy and single-cell transcriptome.

2. Odyssey to the discovery of IL-8

Leukocyte-derived chemotactic factors, such as
neutrophil chemotactic factor and monocyte chemo-
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tactic factor, were reported in the 1970s%; however,
their molecular nature remained uncertain at that
time. Most immunologists were skeptical about the
biological roles of these factors in inflammation and
immunity; the chemotactic responses of leukocytes
(directional migration of leukocytes in response to
the chemoattractant gradient) was considered as an
in vitro artifact. Early in the 1980s, J.J. Oppenheim
and his colleagues at NIDR, NIH, U.S.A. reported
that a partially purified preparation of human
keratinocyte cell line-derived IL-1 exhibited neutro-
phil chemotactic activity.” A. Mantovani and his
colleagues from Italy reported that tumor necrosis
factor alpha (TNFa) was a chemotactic factor for
monocytes and neutrophils.®) On joining the Oppen-
heim laboratory in 1982, the author (KM) was first
involved in the purification of human IL-1. After
succeeding in purifying human IL-13 from lipopoly-
saccharide (LPS)-stimulated human peripheral blood
mononuclear cells (PBMCs), KM confirmed several
activities ascribed to IL-1 at that time, including
thymocyte co-mitogenic, fibroblast proliferation,
acute phase protein-inducing, and endogenous py-
rogen activities.” On the other hand, neutrophil and
monocyte chemotactic activities were not detected
using purified IL-1. However, these activities were
detected in conditioned media of activated human
PBMCs. In 1986, with T. Yoshimura, who joined a
neighboring laboratory at NCI, Frederick as a post-
doctoral fellow, we clearly distinguish the neutrophil
chemotactic activity from IL-1 activity in LPS-
stimulated human PBMCs conditioned media, using
high-performance liquid chromatography gel filtra-
tion.'”) Consequently, we succeeded in purifying
400 ng of neutrophil chemotactic factor from 4L of
LPS-stimulated human PBMC conditioned media.?)
These studies on the purification of neutrophil
chemotactic factor were selected as pillars of immu-
nology by American Association of Immunologists
(AAI), because they were the first reports on the
existence of cell-type specific leukocyte chemotactic
factor. E. Appella at NCI, Bethesda, determined the
amino acid (aa) sequence of the purified factor, up
to 40 aa from the N-terminus. The author (KM)
subsequently cloned the c¢cDNA wusing degenerate
oligo-DNA probes, designed based on the obtained
aa sequence information. We initially named this
molecule as monocyte-derived neutrophil chemotac-
tic factor (MDNCF). However, there was a serious
concern pertaining to its concentration: the amount
of purified MDNCF was 100-fold greater than that
of the IL-1 in similarly conditioned media. Therefore,
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1% of an unidentified biologically active molecule
may cause contamination. To establish that the
cloned cDNA encoded MDNCF, Appella chemically
synthesized the whole mature form of MDNCF
consisting of 72 aa deduced from the cDNA
sequence.”) M. Yamada from Dainippon Pharma-
ceutical Co., Ltd. (Osaka, Japan) expressed recombi-
nant MDNCF in Escherichia coli,'” and Yoshimura
confirmed that the chemically synthesized and
recombinant proteins were fully chemotactic for
human neutrophils in vitro. In addition, a mono-
clonal antibody prepared against purified MDNCF
adsorbed the neutrophil chemotactic activity in
conditioned media. Based on these results, we
published a paper describing the cDNA cloning of
MDNCEF in J. Ezp. Med. in 1988.%) In science, often
simultaneous serious competition exists unnoticed
among scientists exploring the same important
issues. This was the case in the discovery of
MDNCF. Several laboratories, including those of
M. Baggiolini,’® J.M. Schroder,' and J. Van
Damme’s'® purified identical neutrophil chemoat-
tractants from different sources just after our
purification and c¢DNA cloning. We showed the
robust induction of MDNCF mRNA by stimulating
various types of cells with IL-1 and TNFa in vitro.?)
This explained why IL-1 and TNF« induced neu-
trophil infiltration into injected tissues in vivo,'®)
despite lacking chemotactic activity. MDNCF was
renamed as IL-8 based on its chemotactic effect on T-
lymphocytes'” at the International Symposium on
Novel Neutrophil Chemotactic Activating Polypep-
tides held in 1988 in London.

The IL-8 cDNA was 1.6kb in size, including
a 1.2kb non-coding 3’-region with a TATTTATT
sequence.’) The ¢cDNA encoded a 99 aa precursor of
IL-8, which contained a signal peptide region. The
genomic sequence of human IL-8 was cloned from a
human placenta library by N. Mukaida.'® The
human JL-8 gene was assigned to the 4ql2-21
chromosomal region, which was later identified to
harbor numerous IL-8-related CXCL chemokine
genes.'” The human IL-8 gene consists of 4 exons
and 3 introns with a single CAT- and TATA-like
structure. The 5’-flanking region contains binding
sites for several nuclear factors, such as activation
factor 1/2, interferon (IFN) regulatory factor-1, Oct-
1, NRF, nuclear factor kappa B (NF-xB), and C/
EBP (NF-IL6). We extensively examined the regu-
lation of IL-8 gene transcription by IL-1, TNFe,
TNFo + IFN gamma (IFN+), and LPS in various
human cell lines and established that NF-kB in
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combination with AP-1 or C/EBP synergistically
activated IL-8 gene expression in response to various
inflammatory stimuli. NF-xB is indispensable; how-
ever, the requirement for AP-1 or C/EBP depends on
the cell type or stimuli. In addition, we established
that NF-kB is an endo-target of the suppressive
action of glucocorticoid and FK506 in regulating IL-8
gene expression.??)2%)

3. Protein processing and structure of IL-8

IL-8 is not expressed in normal physiological
conditions; however, a massive induction of IL-8
mRNA occurs in various types of tissue cells and
leukocytes in response to inflammation. IL-8 is first
translated as a precursor consisting of 99 aa. The
signal peptide (first 20 aa) is removed, and the
processed 77 aa form is secreted.?®) Biologically
active IL-8 exists mainly as the 77 (residues 23-99)
and 72 (residues 28-99) aa forms. Another cleaved
form is the 69 aa form.'V20:2) The 72 aa form is
processed from the precursor mostly by serine
proteases, such as plasmin and thrombin, and by
matrix metalloproteinases and cathepsins; it exists
stably as the predominant form. The 72 aa form is
several fold more active than the 77 aa form. The
69 aa form is most active in in wvitro chemotactic
assays.?®) There are four cysteine residues forming
two disulfide linkage (cysteine T7-cysteine 34 and
cysteine 9-cysteine 50) and 14 basic aa residues
(lysine and arginine), which confer the basicity
required for the binding of IL-8 to heparan sulfate-
proteoglycan without N-glycosylation sites.??) G.M.
Clore and A.M. Gronenborn, NCI, solved the three-
dimensional structure of IL-8 using nuclear magnetic
resonance spectroscopy.’”3!)  This preceded the
analysis by E.T. Baldwin at NCI using X-ray
crystallography®® and presented for the first time
that the three-dimensional structure of a protein
had been initially determined using nuclear magnetic
resonance instead of X-ray crystallography. The
three-dimensional structure of IL-8 indicates a dimer
with two symmetrical anti-parallel a-helices, approx-
imately 24 A long, separated by 14 A, on top of a
six-stranded anti-parallel (-sheet platform. The N-
terminal region appears to be disordered and is thus
structurally unsolved.

4. Discovery of MCAF

In the early 1970s, R. Snyderman et al. at
NIDR, NIH first described that human peripheral
blood leukocytes produce monocyte chemotactic
factor (MCF) in response to a specific antigen
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(purified protein derivative [PPD]) or a nonspecific
mitogen (phytohemagglutinin [PHA]).%"3)  They
claimed that the production of MCF in vitro
correlated with delayed-type hypersensitivity. There-
fore, it was interesting for immunologists to identify
and characterize the molecular properties of MCF.
We observed several peaks of MCF activity during
the purification of IL-8 from LPS-stimulated human
PBMC-conditioned media; however, the amount of
MCF was less than that of IL-8. Therefore, we used
conditioned media from a human myelomonocytic
cell line THP-1 as a source of MCF. We purified the
major peak of MCF using a heparin-affinity column,
exploiting the basic property of MCF. The N-
terminus of the purified MCF was blocked (later
found to be due to pyro-glutamination); therefore,
we cleaved the purified material using cyanogen
bromide and obtained partial aa sequence informa-
tion, which was sufficient for cloning the cDNA. The
cloned ¢cDNA encoded a MCF precursor consisting
of a putative 23 aa signal peptide and a mature 76
aa MCF sequence, which showed 25—55% homology
with an inducible putative family of inflammatory
polypeptides, including JE, LD78, RANTES, and
TCA-3 (which were later determined, both function-
ally and structurally, to belong to the chemokine
family).?®) Purified MCF stimulated human mono-
cytes to be cytostatic to several tumor cell lines
in vitro; therefore, we initially named this protein
as monocyte chemotactic and activating factor
(MCAF).Y Yoshimura purified®” and cloned®) the
same protein independently and simultaneously.
Most notably, similar to IL-8, MCAF was induced
when various types of cells were stimulated with IL-1
or TNFa. In addition, it was stimulated directly in
monocytes and THP-1 cells by PPD, arguing against
the production of MCF by human peripheral blood
leukocytes as an in vitro correlate of antigen-specific
T cell-mediated delayed hypersensitivity.5

5. Establishment of pivotal roles of IL-8 and
MCAPF in regulating leukocyte infiltration
in inflammation: an answer to a
longstanding enigma in
inflammation research

Our purification and ¢cDNA cloning of IL-8 and
MCAF revealed the existence of leukocyte-specific
chemotactic factors; however, pharmaceutical com-
panies waited for proof that these chemotactic
cytokines indeed regulate type-specific leukocyte
infiltration in inflammation, in order to consider
chemotactic cytokines as therapeutic targets for
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Chemokine receptor
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treating inflammatory diseases. On returning from
NIH to Japan in 1990, we conducted in vivo experi-
ments using a neutralizing antibody to prove that
these factors indeed regulate leukocyte infiltration
and that the intervention of IL-8 alleviates inflam-
matory diseases. This included LPS-induced skin
inflammation, LPS/IL-1-induced acute arthritis,
acute glomerulonephritis owing to excessive immune
complex (serum sickness), acute lung injury associ-
ated with reperfusion injury, brain infarction, and
swelling associated with delayed-type hypersensitiv-
ity.?041) We also proved the pivotal role of MCAF
in regulating monocyte infiltration into inflam-
matory tissues using antibodies. This included
chronic glomerulonephritis (Masugi type rat model),
arteriosclerosis associated with carotid artery injury,
and monocrotaline-induced pulmonary hyper-
tension.*? ™) Our experiments using antibodies to
show the pivotal roles of IL-8 and MCAF in
inflammatory disease models were supported by later
experiments using gene-targeted mice deficient in the
receptor for IL-8 homologue (Czcr2)* and MCAF
(Ccl2) or MCAF receptor (Cecr2).*®) These studies
convinced pharmaceutical researchers to consider
chemotactic cytokines as novel targets for inflamma-
tory diseases. Notably, our discovery of IL-8 and
MCAF and in vivo proof of their roles in inflamma-
tion addressed the longstanding enigma and eluci-
dated the molecular basis of type-specific leukocyte
infiltration in inflammation. These findings, in
conjunction with increased knowledge about leuko-
cyte adhesion molecules, have led to our current
understanding of the molecular mechanisms of

leukocyte infiltration into inflamed tissue

Fig. 1).

(see

6. Chemokines and their receptors

The discovery of IL-8 prompted other groups to
identify a large family of chemotactic cytokines based
on biological activities, cDNA cloning using a signal
trap methods, and eventually through screening for
genes encoding similar proteins in databases contain-
ing fragments of transcripts and genome sequences.
Now, nearly 50 chemotactic cytokines with conserved
aa sequences have been identified.*”’ Among the
chemokine receptors, CXCR1 and CXCR2 were
first identified by W.E. Holmes et al.*® and P.M.
Murphy and H.L. Tiffany,*” respectively, in 1991.
Holmes et al. transfected a cDNA library from
human neutrophils to mammalian cell lines and then
screened the cells for binding to isotope-labeled
IL-8, eventually identifying CXCRI1. Murphy and
Tiffany identified CXCR2 as the human homologue
of a mouse receptor for fMLF of bacterial origin
called F3R.*950) Subsequently, a total of 18 receptors
for chemokines were identified. IL-8 and CXCRI1
genes are absent in mice, but CXCL1/KC and
CXCL2/MIP-2 act as ligands for CXCR2 and
regulate neutrophil migration in mice.”" Crer2/~
mice show increased susceptibility to Citrobacter
rodentium and Streptococcus pneumoniae infection
and decreased neutrophil recruitment to the infected
site.”?5%) Given that Czell~/~ mice show a similar
reduction of neutrophil infiltration and increased
susceptibility to Klebsiella pneumoniae infection,”
the CXCL1-CXCR2 axis is essential for protective
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immunity against bacterial infection. Notably,
Czer2~/~ mice have also been shown to decrease
macrophage infiltration into infected lungs.”®
Whether CXCR2 directly regulates macrophage
infiltration or indirectly promotes them via inflam-
mation by neutrophil infiltration remains to be
elucidated. Furthermore, in LPS-induced lung injury,
wild-type mice reconstituted with Czer2~/~ bone
marrow hematopoietic cells still showed about 50%
neutrophil recruitment into bronchoalveolar lavage
fluid and the lung interstitium. Conversely, Crer2 =/~
mice reconstituted with wild-type bone marrow
hematopoietic cells showed a surprisingly large defect
in neutrophil recruitment.”® These results suggested
a significant role of CXCR2 in non-hematopoietic
cells for neutrophil recruitment in inflammation and
provided novel mechanistic insights into the chemo-
kine field.

In addition to the pathological role, CXCR2
plays pivotal roles in the homeostasis of neutrophils
and hematopoiesis; Czer2~/~ mice showed neutro-
philia and an increase in myeloid cells in bone
marrow and peripheral blood and myeloid and
erythroid cells in the spleen.’® Such abnormalities
in Crer2/~ mice were ameliorated in germ-free
conditions, suggesting that CXCR2-dependent neu-
trophil infiltration into peripheral tissues may
regulate physiological inflammatory responses to
the commensal bacteria and maintain homeostasis
of myelopoiesis and hematopoiesis. Cer2~/~ mice
show reduced mobilization of monocytes from the
bone marrow to the blood and their infiltration into
inflammatory tissues.”” This impairment of mono-
cytes resulted in reduced defense against Listeria
monocytogenes infection,*® whereas the formation
of atherosclerosis foci in the early stages of athero-
sclerosis was reduced.’®

Chemokine receptors consist of a rhodopsin-like
7-transmembrane structure that is usually coupled
with a Gi protein. Gi proteins are heterotrimers
(composed of ai, B, and 7 subunits) that are
constitutively bound to the intracellular second and
third loops of the receptor. Regarding IL-8-mediated
neutrophil migration, once IL-8 binds to the receptor,
the 0 and v subunits are released from Gai2 and
activate phosphoinositide 3-kinase-y and phospholi-
pases (PLs) C(32/63, A2, and D. The small GTPases
Ras, Rac, Rho, Cdc42, and Rapl, as well as protein
kinase C (PKC) and Akt (PKB), are downstream of
the § and ~ subunits and regulate cell adhesion,
membrane protrusion, and cell migration. Mean-
while, PLCS activation generates inositol triphos-
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phate and induces Ca’" mobilization and diacylgly-
cerol generation, thereby activating PKC and
inducing granule exocytosis and respiratory
burst'?*?) (Fig. 2). In 1992, most of the investigators
who contributed to the discovery of these chemo-
tactic cytokines and their receptors gathered in
Baden, Austria, and agreed to name this family as
“chemokines” (a contraction of chemotactic cyto-
kines). CXCL/CCL (based on the first two cysteine
residues split by one aa or neighbored) and CXCR/
CCR nomenclature was discussed at the Gordon
conference on the chemotactic cytokines in 1996, and
O. Yoshie and A. Zlotnik proposed the systematic
nomenclature of the chemokine ligands at the Key-
stone symposium on Chemotactic Cytokines in
1999.9) In addition, a subfamily of atypical chemo-
kine receptors, including ACKR1 (Duffy antigen),
ACKR2 (D6), ACKR3 (CXCR7), CCRL2, and
ACKR4 that do not transduce chemotactic signals,
but may signal through p(-arrestins instead of G
proteins to act as chemokine scavenger receptors,
were identified.* ACKR1 was discovered in 1950 as
a blood group antigen and named Duffy. ACKRI1 is
constitutively expressed on various types of cells
except for leukocytes, and it binds over 20 chemo-
kines. Erythrocyte ACKRI1 is considered to be a
chemokine “sink” that adsorbs various types of CXCL
and CCL chemokines in the circulation. ACKR1
polymorphism causes selective defects in its expres-
sion on erythroid cells. A Duffy-negative phenotype
is associated with resistance to Plasmodium vivax
malaria infection, particularly in West Africa.®!)
ACKR2 binds only the inflammatory chemokines
from the CC subfamily, functioning as a scavenging
receptor. ACKR2 lacks the canonical DRYLAIV
motif in transmembrane domain 3; therefore, it is
unable to transduce chemotactic signals. Ligand
internalization and recycling of the receptor require
the activation of F-arrestin.’?) Chemokines and their
receptors are also encoded by herpes and pox viruses;
these are constitutively active or activated in
response to host ligands. In addition, soluble non-7
transmembrane type chemokine binding proteins,
which exhibit anti-inflammatory activity through
neutralization by binding to several host chemokines,
have been identified from herpes and pox viruses.*”)

7. Subsequent pillars in chemokine research

a. The mechanisms of entry and cell tropisms of
the human immunodeficiency virus (HIV) to human
leukocytes remained unknown for a long time because
the identification of CD4 as a receptor of HIV-1
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infection in human leukocytes was not made until the
mid-1980s. E.A. Berger and his colleagues at NIH
first identified a chemokine receptor, later named
CXCR4, as a co-receptor for T-tropic HIV-1 infection
in CD4* T lymphocytes in 1996.%) Subsequently,
CCR5 was identified as a co-receptor for M-tropic
HIV-1 infection in CD4" monocytes/ macrophages.®!
Subsequently, an inactivating mutation (delta32) in
the CCR5 gene in a homozygous state was discovered
to confer strong resistance to HIV-1 infection.®
These studies led to the development of maraviroc
(CCR5 antagonist) as an HIV entry antagonist and
incidentally plerixafor (CXCR4 antagonist) as a stem
cell mobilizing agent.*”)

b. In 1996, R. Foérster and M. Lipp reported that
a putative chemokine receptor, BLR1 (later identi-
fied as CXCRJ5), is expressed on mature B cells and
a subpopulation of helper T cells.%®) Deficiency of
CXCRS5 in mice resulted in the lack of inguinal lymph
nodes (LNs) and occasional abnormal Peyer’s
patches. Activated B cells failed to migrate from
the T cell-rich zone into B cell follicles and to form
functional germinal centers. This study for the first

time indicated that chemokine receptors are involved
in B cell migration and localization within specific
anatomic compartments of the lymphoid tissue.
Later, the same group reported that CCR7 deficiency
led to severely delayed kinetics of antibody responses,
lack of contact sensitivity, and delayed-type hyper-
sensitivity.®”) This was because of the abnormal
architecture of the paracortex area with few T cells.
This can be attributed to impaired migration of
naive/central memory type T cells into LNs through
the high endothelial venule (HEV) and defects in the
migration of antigen-captured mature CCR7" den-
dritic cells (DCs) from the inflamed peripheral tissue
to the draining LNs. The ligands for CCR7 were
identified as CCL19 (ELC) and CCL21 (SLC).
CCL19 is produced by afferent lymphatic endothelial
cells (LECs) and fibroblastic reticular cells (FRCs)
in LNs, whereas CCL21 is produced by HEVs in
addition to LECs and FRCs. The plt/plt (paucity
of lymph node T cells) murine model,®® which is
naturally deficient in CCL19 and CCL21 isoforms
in secondary lymphoid organs, shows a phenotype
similar to that of Cer7~/~ mice. CXCR5 is now
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known to be expressed also on CD4" follicular
helper T cells,®”) which is a key regulator of germinal
center reactions and CD8" progenitor exhausted T
cells.”™

c. In 1998, C. Caux described that in vitro
cultured immature DCs derived from CD34" hema-
topoietic progenitor cells and monocytes preferen-
tially express CCR6 mRNA and respond to CCL20.
CCR6 mRNA expression decreases progressively as
DCs mature, whereas CCR7 mRNA is upregulated
with maturation, and it responds to CCL19.7™) This
was the first indication that the chemokine-chemo-
kine receptor system might regulate antigen-cap-
tured DC migration from the peripheral inflamed
tissue to the draining LNs to initiate antigen-specific
immune responses. This was confirmed in Cer7—/~
mice, and it contributed to the establishment of the
linkage between the innate/inflammatory responses
in the peripheral tissues and acquired immunity in
the secondary lymphoid organ (draining LNs), and
the spatio-temporal control by chemokine-regulated
DCs.

d. CXCL12 was first cloned by K. Tashiro
from the T. Honjo group using a signal trap
method,™ and then identified by T. Nagasawa from
the T. Kishimoto group as a stroma-cell derived pre-
B cell growth-stimulating factor through expression
cloning.™ Deficiency of Czcl12 in mice manifested as
defects in B cell lymphopoiesis in fetal liver and bone
marrow, and also as severe reduction of myelopoiesis
in bone marrow.™ Furthermore, Czcl127/~ as well as
its receptor Czer4~/~ mice showed defective forma-
tion of large vessels that supply the gastrointestinal
tract and cardiac ventricular septal defect, indicating
a pivotal role of the CXCL12/CXCR4 axis in organ
development as well as in hematopoiesis during
embryogenesis.”” Nagasawa subsequently estab-
lished CXCL12-abundant reticular cells (CAR cells),
a population of bone marrow-specific mesenchymal
stem cells, as the major cellular hematopoietic stem
cell niche.™

e. The Th1/Th2 dichotomy hypothesis proposed
by T.R. Mosmann et al. has ruled the immunology
field ever since.”” However, additional subsets of
CD4 helper T cell populations, such as Th17, Tth,
and regulatory T (Treg) cells, were identified.
Polarized effector T cell subsets infiltrate specific
immune sites at specific times; however, the under-
lying molecular mechanism remained uncertain. In
1999, O. Yoshie and his colleagues, in collaboration
with our team, identified that CCR4 is specifically
expressed on a subset of the CD4" memory T cell
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population from the peripheral blood of healthy
volunteers.”™ CCR4-positive cells were identified as
Th2 cytokine-producing cells, whereas the CCRA4-
negative population preferentially produced Thl
cytokines. We also noticed that the CD25" CD4*
memory population expressed CCR4; this population
was later identified as FoxP3t Treg cells.™ It is
now well accepted that Thl cells express CCR5,
CXCR3, and CXCRG6; Th2 cells express CCR4 and
CCRS; Th17, CCR4 and CCR6; Treg cells express
CCR4, CCR8, CCR7, and CXCR3; and Tfh cells
express CXCRA5.

f. In 2001, A. Zlotnik and his colleagues reported
that CXCR4 and CCRT7 are highly expressed in
human breast cancer cells, and their respective
ligands, CXCL12 and CCL21, are expressed in the
metastasis target organs.®’) These ligands induce
actin polymerization and pseudopodia formation in
cancer cells and subsequently chemotactic and
invasive responses n wvitro. In addition, in vivo
neutralization of CXCL12/CXCR4 significantly im-
paired metastasis of breast cancer cells to regional
LNs and the lungs. This study was followed by
studies from numerous groups as reviewed by F.
Balkwill.®)) K. Yasumoto and his colleagues eluci-
dated the role of the CXCL12/CXCR4 axis in the
peritoneal carcinomatosis of gastric cancer.8? Che-
mokines such as CXCL8 and CXCL12 promote
tumor growth, and CXCRI1 is selectively expressed
in cancer stem cells.¥) Tumor cells themselves
produce angiogenic chemokines with the ELR motif,
such as CXCLS, in a Ras-dependent manner.5%
These observations provide novel insights and are
intriguing in cancer biology; however, their signifi-
cance is not well-established in clinical settings.

g. O. Yoshie and his colleagues, in collaboration
with us, reported the selective high expression of
CCR4 in adult T-cell leukemia/lymphoma (ATLL)
cells, which indicated that CCR4 can be used as a
therapeutic target for ATLL.%) Kyowa Hakko Kogyo
Co., Ltd. (now Kyowa Kirin Co., Ltd.), in collabo-
ration with us, developed a monoclonal antibody
against CCR4 with a high binding affinity but no
neutralization activity. This antibody was then
converted into the humanized antibody KWO0761
using human IgG1 Fc, and it was defucosylated using
Potelligent® technology.®®) This enhanced the bind-
ing of the humanized antibody to FcyRIIa on
natural killer cells to show potent antibody-depend-
ent cellular cytotoxicity activity. In 2006, a phase I
clinical trial in patients with relapsed CCR4" ATLL
and peripheral T-cell lymphoma was conducted in
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Japan. Subsequently, a phase Il study was started
in 2010 for patients with relapsed CCR4t ATLL
using an infusion of 1.0mg/kg once a week for 8
weeks. Objective responses were obtained in 13 of 26
evaluable patients with an overall objective response
rate of 50%.57%%) Accordingly, the Japanese PMDA
approved KW0761 (mogamulizumab) in March 2012
as a therapeutic agent for relapsed/refractory
ATLL.®)

8. Chemokines in the era of cancer
immunotherapy and single
cell transcriptome

Recent developments in cancer immunotherapy,
including immune checkpoint antibodies and chimer-
ic antigen receptors T cell (CAR-T)/T cell receptor
(TCR)-T cell therapy, have proven the existence of a
cancer immune-surveillance system and thus revolu-
tionized cancer therapy. In cancer, antigen-captured
CCR7" mature DCs migrate from the tumor tissue
through lymphatic vessels to the draining LNs.
CCR7" naive CD8" T cells also enter the T cell
areas of draining LNs through HEV in a CCRT-
CCL21-dependent manner and communicate with
each other to induce tumor antigen-specific clonal
expansion.’”?Y) Tumor-specific CD8" T cells differ-
entiate into effector cells, exit from the LNs and then
infiltrate the tumor via the circulation. In cancer
immunotherapy, the efficient recruitment of tumor-
specific CD8' T cells to the tumor site is essential
for successful treatment. Furthermore, CD8" T cells
recognize tumor antigens presented not only by
tumor cells but also by various antigen-presenting
immune cells and are reactivated or functionally
modulated to exert their antitumor functions. In
these processes, the chemokine system plays a pivotal
role not only in immune cell migration but also in
cell-cell interactions; thus, it is an important ther-
apeutic target in cancer immunotherapy. Recent
developments using single-cell RNA sequencing
(scRNA-seq) technology have enabled precise analy-
sis of the cellular composition of the tumor and
helped to identify chemokine receptors and their
ligands expressed by a variety of immune and non-
immune cells in the tumor microenvironment. The
results have helped to establish that chemokine-
chemokine receptor interactions promote or regulate
antitumor immune responses”? (Fig. 3).

a. Tumor infiltration of effector T cells and
their association with DCs. CXCR3 is highly
expressed on CD8" and CD4" T cells that produce
antitumor cytokines such as IFNv. CXCL9 and
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CXCL10, which are CXCR3 ligands, are IFN~-
inducible genes. Their expression is induced by
infiltration of IFN~v-producing T cells. Therefore,
the CXCR3-ligand axis is believed to form a positive
feedback loop that amplifies the mobilization of
antitumor T cells into tumor tissues.”® In addition,
IFN~-stimulated DCs in tumors express high levels of
CXCL9 and strongly interact with CXCR3" CD8" T
cells, suggesting that the CXCR3 axis contributes to
the reactivation and proliferation of IFN~-producing
T cells in the tumor and to their tumor invasion.*!)
CXCR&, like CXCR3, is a chemokine receptor highly
expressed on a fraction of IFN~-producing T cells.
Its ligand, CXCL16, is highly expressed on mature
regulatory DCs that express CCR7 within the
tumor.”? Thus, the CXCR6-CXCL16 axis, like the
CXCR3 axis, may contribute to the induction and
maintenance of antitumor T cell responses.

b. Regulation of tumor infiltration and cell-
cell interactions in immunosuppressive cells.
Tumor-infiltrating macrophages (TAMs), which are
believed to promote immunosuppression, tissue
remodeling, and angiogenesis, are derived from
monocytes that infiltrate from the bone marrow into
the blood and from the blood to the tumor in a
CCR2-dependent manner.??%) Inhibitors of CCR2
and its ligand, CCL2, are considered as potential
TAM inhibitors. These inhibitors have been eval-
uated through several clinical trials; however, no
clinical efficacy was reported. CCR2 contributes in
part to the tumor recruitment of DCs. The reasons
may be as follows. There is an immune-promoting
subset within TAMs. TAMs themselves are impor-
tant chemokine producers in the tumor field
(Fig. 3B). These may limit the therapeutic efficacy
of the CCR2-ligand axis inhibition. In addition,
CD4" Foxp3™' Treg cells, the key immunosuppressive
cells in tumor immunity, highly express the chemo-
kine receptors, CCR4 and CCRS, in the tumor.%)
The expression of these receptors is low in Tregs in
peripheral blood and lymphoid tissues; therefore,
their expression increases with activation following
tumor infiltration. This increased expression may
contribute to interactions with TAMs that produce
the CCR4 ligand, CCL22. Attempts were made to
develop depleting antibodies targeting CCR4 and
CCRS; however, clinical efficacy has not yet been
reported.

c. Approaches to deliver engineered T cells
to the tumor. Induced expression of chemokine
receptors on engineered T cells and induction of
chemokine expression in tumors may be important
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Fig. 3. Possible immune cell interactions through chemokines and chemokine receptors in the tumor. A, A FItSNE projection of scRNA-
seq profiling from CD45" immune cells in the tumor of Colon26 tumor-bearing mice. B, Heatmap illustrating the contribution of each

immune cell subset to chemokine gene expression in the tumor. C, Heatmap illustrating the probability of interaction between each
immune cell subset.

approaches in CAR-T and TCR-T cell therapy, proliferation of the transferred cells in the draining
which may be useful against solid tumors. In the LNs of patients. Induced expression of CXCR3 and
case of TCR-T cell therapy, the induction of CCR7 CXCR6 may induce tumor infiltration and aid
expression in engineered T cells may drive the further  further activation of transfected T cells within the
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tumor. Induced expression of homing receptors of
monocytes and neutrophils, such as CCR2, CXCRI1,
and CXCR2, in the engineered T cells may be useful
against cancers with poor T cell infiltration. In the
near future, it is expected that a resource of off-the-
shelf T-cells equipped with various homing receptors
will be established, enabling personalized therapy
using engineered T cells with appropriate migratory
capacity for each individual cancer.

In summary, the discovery of the chemokines
IL-8 and MCAF solved the longstanding enigma
and provided the molecular basis for subtype-specific
leukocyte infiltration in inflammation. The subse-
quent discovery of the chemokine family revealed
that homeostatic as well as pathological leukocyte
migration and their interactions are regulated by
various chemokines, and chemokines contribute even
to the niche formation of hematopoiesis as well as
lymphoid organogenesis. Furthermore, some of the
chemokine receptors turned out to be co-receptors
for HIV-1 infection. Chemokine research of the last
35 years has tremendously contributed not only to
the fields of inflammation, immunology, and pathol-
ogy but also to the broader life science. Chemokine
research is still active now. We have also described
the important role of chemokines and chemokine
receptors in the era of cancer immunotherapy.
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