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1 | CD69 STRUCTURE AND FUNCTION

1.1 | Discovery of CD69

Summary

CD69 has been known as an early activation marker of lymphocytes; whereas, recent
studies demonstrate that CD69 also has critical functions in immune responses. Early
studies using human samples revealed the involvement of CD69 in various inflamma-
tory diseases including asthma. Moreover, murine disease models using Cd69™~ mice
and/or anti-CDé69 antibody (Ab) treatment have revealed crucial roles for CD69 in in-
flammatory responses. However, it had not been clear how the CD69 molecule con-
tributes to the pathogenesis of inflammatory diseases. We recently elucidated a novel
mechanism, in which the interaction between CD69 and its ligands, myosin light chain
9, 12a and 12b (Myl9/12) play a critical role in the recruitment of activated T cells into
the inflammatory lung. In this review, we first summarize CD69 function based on its
structure and then introduce the evidence for the involvement of CD69 in human
diseases and murine disease models. Then, we will describe how we discovered CD69
ligands, Myl92 and Myl12, and how the CD69-MyI9 system regulates airway inflamma-
tion. Finally, we will discuss possible therapeutic usages of the blocking Ab to the
CD69-Myl9 system.
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the NK-gene complex that is located in human chromosome 12 and
mouse chromosome 6, where a group of receptors that have C-type
lectin-like domains are encoded.®? CD69 also has a C-type lectin-like

domain; however, three-dimensional structure analysis revealed that

CD69 was first identified in the late 1980s as a molecule rapidly in-
duced on T cells, NK cells and B cells upon activation.*™ Later, two
groups independently cloned human CD69,>° and demonstrated
that CDé69 is a type-2 membrane glycoprotein and is expressed as a

15-8 (Figure 1). CD69 is a highly glyco-

disulfide linked homo-dimer
sylated protein, which has two N-glycosylation sites in the human
CD69 extracellular domain and three in the murine CD69 extracel-
lular domain. Biochemical analysis showed that each CD69 molecule

has different levels of glycosylation.l'4 The CD69 gene is encoded in

This article is part of a series of reviews covering Allergic Inflammation appearing in Volume
278 of Immunological Reviews.

CD69 lacks a Ca”-dependent carbohydrate binding site. Instead,
CD69 contains a hypothetical ligand-binding site constituted of a hy-
drophobic patch surrounded by acidic residues.’® These data suggest
that CD69 may bind to its ligands by protein-protein interaction rather
than via sugar chains.

CD69 has been known as an early activation marker of leucocytes
including T cells, B cells, NK cells, granulocytes as well as macrophages
and dendritic cells (DCs)®!%: CD69 is not detectable on these cells at
steady state but is only induced upon stimulation.®? Interestingly,
some cells such as iNKT cells and tissue-resident memory T (Tg,,)

cells constitutively express a marginal level of CD69,82-2! although
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FIGURE 1 CDé9 structure and its important domains. CD69 is
a type-2 transmembrane glycoprotein and is expressed as disulfide-
linked homo-dimer. The extracellular domain of CD69 has two
N-glycosylation sites in human and three N-glycosylation sites in
mouse, and each CD69 molecule appears to have different levels
of glycosylation. CD69 has a C-type lectin-like domain; however,

it lacks the features involved in Ca%* dependent carbohydrate
binding. Instead, CD69 contains the putative ligand-binding site
constituted of a hydrophobic patch surrounded by acidic residues.
The transmembrane domain of CD69 together with the membrane
proximal region called HEGSI motif in mouse is important for S1P,
binding. The cytosolic tail of CD69 is relatively short (only 40 amino
acids), but both human and murine CDé9 contain eight serine
residues, some of which are phosphorylated in activated lymphocytes
and thymocytes, suggesting its signaling potential. It is also
reported that the CD69 cytosolic tail is important for prolongation
of ERK activation and Ca?" influx in the presence of phorbol ester
stimulation, and for JAK3 mediated STAT5 and STAT1 activation

importance of CD69 expression for the functions of these cells are
not fully understood. Platelets are also reported to express CD69%%
however, another report showed that CD69 expression is limited in
platelets,! indicating that the expression level of CD69 on platelets is
likely very low. CD69 has three distinct regions: an extracellular do-
main including C-type lectin-like domain, a transmembrane domain,
and a cytosolic tail, and each domain has unique roles in CDé69 func-

tion (Figure 1), as discussed in the following sections.

1.2 | Role of the transmembrane domain: CD69-
S1P, system regulates lymphocyte egress from
lymphoid organs

Sphingosine-1-phosphate (S1P) is known as a central mediator of lym-
phocyte egress from lymphoid organs such as thymus and lymph node
(LN).% S1P is a ligand for at least five S1P receptors including S1P,,
S1P,, S1P;, S1P, and S1P, and each interaction plays essential roles
in various biological reactions.?*?* Among five S1P receptors, S1P,
plays important roles in lymphocyte egress by responding to S1P, de-
pending on its concentration gradient. Since S1P concentration is very
high in blood (~1 uM) and lymph (~100 nM), but low in lymphoid or-
gans such as the thymus and the LN,?® S1P,-expressing lymphocytes

exit from lymphoid organs and return to blood circulation through
lymphatic fluid at steady state.?

One of the well-known functions of CD69 in the immune system
is the regulation of cell surface expression of S1P, by a direct molec-
ular interaction at cell surface membrane, which decreases lympho-
cyte egress from lymphoid organs such as the thymus and the LN.Z%In
this review, we call this system the “CD69-S1P, system”. Biochemical
studies using the domain-swapping technique between CD69 and the
related type-2 transmembrane protein, NKRp1A, revealed that the
CD69 transmembrane and membrane proximal regions (HEGSI motif)
interact with the S1P, membrane helix 4 2¢ (Figure 1). This direct in-
teraction induces internalization of S1P,, resulting in the inhibition of
lymphocyte egress from lymphoid organs.2326?7

The biological importance of the CD69-S1P; system is demon-
strated as cell egress from the thymus.zg’30 During thymocyte devel-
opment, CD69 expression is induced upon positive selection and the
expression is maintained throughout positive selection.3! As CD69 sur-
face expression is decreased, S1P, surface expression is induced, and
cells leave the thymus.2®>2 The experiments using CD69 full length
transgenic (Tg) mice showed that mature thymocytes accumulate in
the thymus, demonstrating that CD69 downregulation is required for
egress of mature thymocytes.33*34 In addition, experiments using an
S1P, agonist, FTY720, demonstrated that FTY720 treatment induced
rapid internalization of S1P; therefore, in vivo injection of this drug re-
sulted in the disappearance of lymphocytes from peripheral blood and
the accumulation of cells in the thymus as well as in the LN.28

Later studies showed that the CD69-S1P, system is also required
for immune responses upon infection. At the beginning of an immune
response (approximately within 24 hours), lymphocyte egress from the
regional LN is transiently shut down?”:3>2¢; this phenomenon appears
to be induced by the abundant presence of type | interferon (IFNo/p)
in the regional LN. IFNo/p rapidly induced CDé69 expression and re-
sults in the inhibition of S1P, surface expression.27 In this situation,
antigen-specific T cells are efficiently stimulated by antigen-presenting
cells (APCs) that have migrated from the inflammatory tissues, which
induces further upregulation of cell surface expression of CD69 on
T cells. CD69-expressing T cells are retained in the LN because they
have little surface S1P, expression and are not in contact with the
cortical sinus, sites of S1P;-dependent T cell egress from the LN,36
until they become CD69" effector T cells and are ready to migrate to
inflamed local tissues.'? Thus, the CD69-51 P, system plays an import-
ant role in lymphocyte egress from lymphoid organs not only in steady

states but also during immune responses.

1.3 | Function of the CDé69 cytosolic tail

Several studies have reported that the cytosolic tail of the CD69
molecule has some signaling capacity. In fact, there are eight serine
and two threonine residues in the human CDé69 cytosolic tail, and
eight serine and one threonine residues in the murine CD69 cyto-
solic tail; six of them are conserved between human and mouse”®
(Figure 1). Furthermore, it is reported that some serine residues of the

cytosolic tail of CD69 are constitutively phosphorylated in activated
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TABLE 1 CDé9 expression in various

. . Diseases
human inflammatory diseases

Asthma

Eosinophilic
Pneumonitis
COPD

Chronic bronchitis
ECRS

Arthritis

Sarcoidosis

Atopic dermatitis
Atherosclerosis

Systemic sclerosis

Multiple sclerosis

Systemic lupus
erythematosus

Weagner's
granulomatosis

Neuromyelitis optica

Autoimmune
thyroiditis

2 indicating their possible roles for

lymphocytes and thymocytes,®?
cell signaling. Early in vitro studies showed that the engagement of
CDé69 by the cross-linking of Ab in the presence of phorbol esters pro-
longed Ca?* influx and extracellular signal-regulated kinase (ERK)1/2
kinase activation in human T cells®%” (Figure 1). In addition, there is
a report demonstrating that the cytosolic tail of CD69 can associate
with the transcription factors STAT5 and STAT1 through Janus fam-
ily kinase (JAK)3 activation®®; however, it is not clear if this associa-
tion is direct or indirect since the CD69 cytosolic tail has neither the
conserved box1 motif that is required for association with JAK, nor
any tyrosine residues that are required for STAT binding to the recep-
tors (Figure 1). The authors suggest that the JAK3-mediated signaling
downstream of CD69 may negatively regulate T helper 17 (Th17) dif-
ferentiation®® while positively regulate the development of regulatory
T cells (Tregs).*?

As we discussed in the previous section, CD69 Tg mice have an
accumulation of mature thymocytes in the thymus.3*%* Interestingly,
mice with a CD69 transgene that lacks the cytosolic tail but includes
the S1P,; binding site also showed accumulation of mature T cells in
the thymus, suggesting that cytosolic tail is not crucial for the egress
from the thymus via the CD69-S1P, system.?43% However, the accu-
mulation of mature thymocytes in the thymus of the tailless CD69 Tg
mice was slightly lower compared to those in mice with the full length

Immunologic

CD69 expression

Bronchoalveolar lavage eosinophils sputum
CD4 T and CD8T cells

Bronchoalveolar lavage eosinophils

Lung CD8 T cells

Bronchoalveolar lavage and respiratory
mucosal lymphocytes

Nasal polyp CD4 T cells

Synovial fluid and peripheral blood T cells

Synovial membrane and fluid T cells

Bronchoalveolar lavage and peripheral blood
CD4 T and CD8T cells

Peripheral blood eoshinophils
Atherectomy specimens

Peripheral blood CD4 T and CD8 T cells

Cerebrospinal fluid lymphocytes
Peripheral blood NK cells

Peripheral blood CD4 T cells

Peripheral blood CD4 T cells
Peripheral blood CD4T and CD8T cells
Thyroid gland and peripheral blood T cells
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CDé69 transgene. This difference may be due to different surface ex-
pression levels of CD69 transgene,®*3* but also may be due to some
roles for CD69 cytosolic tail in the egress of thymocytes, although the

detailed mechanisms are still under investigation.

1.4 | Role of the extracellular domain: CD69
interacting molecules

Recently, various CD69 interacting molecules were reported.*-4?

Human CDé69 was reported to interact with galectin-1 expressed on
DCs, which was identified by pull-down assay using human DCs and
recombinant human CDé9 extracellular domain protein. The authors
showed that the CD69 and galectin-1 interaction negatively regulates
Th17 cell differentiation, at least in vitro.** Galectins are a family of
glycan-binding proteins with carbohydrate recognition domain (CRD),
have 15 family members, and are known to bind to many glycosylated
receptors on variety of cells including T cells, regulating cell survival
and cell fate.** Among them, galectin-1 is reported to also interact
with CD45, CD43, and pre-B cell receptor (pre-BCR), in addition to
CD69,*4-4¢ suggesting a wide spectrum of binding of galectin-1 to
various glycoproteins.

Another group reported that human CD69 interacts with SI00A8/
A9 (calprotectin), a heterodimer of S100A8 and S100A9, which was
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identified by immuno-precipitation assay using PMA-stimulated
human PBMC lysates and anti-CD69 Ab. The authors showed that the
interaction between CD69 and S100A8/A9 supports Treg differentia-
tion in the experiments using human PBMCs.*® S100A8 and S100A9
are the calcium-binding protein, and expressed and secreted by gran-
ulocytes, monocytes and DCs. In addition, SI00A8/A9 expression is
increased under inflammatory conditions and during tumorigenesis,
suggesting that SI00A8/A9 may function in inflammation and within
the tumor microenvironment.*”

Our group discovered that Myl9/12 are functional ligands for
CD69 in inflammatory settings, which was identified by pull-down
assay using bone marrow (BM) lysates and recombinant murine CD69
extracellular domain protein. We demonstrated that the CD69 and
Myl9/12 interaction is crucial for induction and exacerbation of in-
flammatory responses in the airway.42 We will discuss this in a later
section of this review.

It has not been directly addressed whether the interaction of CD69
with these molecules provides any signals through CDé69 cytosolic
tail; the molecular mechanisms for the biological relevance influenced

by CD69 interaction with these molecules need to be investigated.

2 | CD69 AND INFLAMMATORY DISEASES

2.1 | CD69 expression in human diseases

Early studies reported that CD69 expression is often detected on
samples from inflamed tissues and/or peripheral blood from the pa-
tients with several different diseases (Table 1), including asthma,*8-%0
eosinophilic pnemonia,®* chronic obstructive pulmonary disease
(COPD),>? chronic bronchitis,>® eosinophilic chronic rhinosinusitis
(ECRS),**** arthritis,> > sarcoidosis,”® atopic dermatitis,”’ athero-

61,62

sclerosis,’® systemic sclerosis, multiple sclerosis,®® systemic lupus

erythematous,64 granulomatosis with polyangiitis (Wegener’s granu-
lomatosis),®> neuromyelitis optica,’® and autoimmune thyroiditis.6”-%®
These clinical findings indicate that CD69 expression is a possible acti-
vation marker for leukocytes, especially for T cells in inflamed tissues.
Moreover, these findings suggest the possible contribution of CD69

to the pathogenesis of tissue inflammation.

2.2 | Roles of CD69 in murine models of
inflammatory disease

A number of studies have found evidence that CDé69 indeed plays
crucial roles in the pathogenesis of various inflammatory diseases
using murine disease models (Table 2). The first evidence indicating
the requirement of CD69 for induction of inflammatory diseases was
reported in a murine arthritis model, which was induced by injection
of anti-type Il collagen Ab together with lipopolysaccharide (LPS).¢?
Expression of CD69 on the infiltrating neutrophils in arthritic joints of
Cd69*"* mice suggested a requirement for CD69 in migration of neu-
trophils into the local inflamed-tissue. Indeed, Cd69™~ mice showed
substantial attenuation of arthritic inflammation accompanied by re-
duced infiltration of neutrophils in the joint.*?

In 2009, we reported that Cd69™'~ mice showed ameliorated
airway inflammation and reduced airway hyperresponsiveness
(AHR) in a model of airway inflammation using ovalbumin (OVA).”°
Furthermore, anti-CD69 Ab treatment strongly ameliorated air-
way inflammation and AHR, and a significant therapeutic ef-
fect was detected.”® Importantly, we found that the number of
inflammatory cells in the lung was significantly reduced both in
Cd69™~ mice and in the mice with anti-CD69 Ab treatment. The
adoptive transfer of ectopic CD69-expressing Cd69™~ CD4 T cells
into Cd69™~ host mice developed airway inflammation upon OVA
inhalation, indicating that CD69 expression on CD4 T cells is suf-
ficient for the induction of airway inflammation, at least in our
model.*?>7% Recently this result was followed and supported by
another group,’? in which the pretreatment with dexamethasone
(DXM) together with anti-CD69 Ab treatment after OVA exposure
completely inhibited airway inflammation; simple anti-CD69 Ab
treatment inhibited established airway inflammation as effectively
as DXM pretreatment.”? It is apparent that CD69 plays crucial
roles in the infiltration and/or maintenance of inflammatory cells
in inflamed tissues; whereas, there may also be a possibility that
CDé629 is involved in efficient immune responses, especially during
the early priming phase, since CD4 T cells from Cd69™"" mice
showed less ability to differentiate into Th2 cells under in vitro
culture conditions using APCs and also under in vivo inflammatory
conditions.”® Since the CD69 cytosolic tail may have some signal-
ing potential, as we described in the previous section, the CD69
molecule itself may contribute to the activation of T cells and Th2
cell differentiation, which is known to be efficiently induced by
strong TCR-mediated signaling.”?

The importance of CD69 expression on CD4 T cells in the patho-
genesis of inflammatory diseases was also reported in a dextran sul-
fate sodium (DSS)-induced colitis model.”® By carefully changing the
concentration of DSS and the period of DSS-water administration, we
have established both acute and chronic colitis models and examined
the requirement for CD69 in the pathogenesis of colitis with Cd69™"
mice. In both experimental settings, Cd69™'~ mice showed significant
amelioration of disease severity, which was measured by body weight
loss, stool consistency, fecal blood and survival rate.”® Furthermore,
anti-CD69 Ab treatment also ameliorated acute DSS-induced colitis.
Importantly, lamina propria CD4 T cells from the mice administered
DSS-water showed significantly higher CD69 expression, and the
adoptive transfer of Cd69** CD4 T cells into Cd69™~ mice was suf-
ficient to induce DSS-induced colitis.”® Thus, these data demonstrate
that CD69 expression on CD4 T cells plays important roles in the
pathogenesis of DSS-induced colitis, although the molecular mecha-
nisms remain unknown. It may be due to less inflammatory cells at
the inflammatory sites, and/or due to less functional differentiation of
effector T cells in the absence of CDé69.

Other disease models such as cigarette smoke-induced pulmonary
inflammation’* and bleomycin-induced lung injury fibrosis’> were
also ameliorated in Cd69™/~ mice. In both models, the authors demon-
strated that infiltration of macrophages, neutrophils and lymphocytes
(lymphocytes are only in bleomycin-induced fibrosis) to the inflamed
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TABLE 2 Roles of CD69 in various mouse disease models

Diseases

Asthma

CHS (Contact Hyper
Sensitivity)

COPD

Arthritis

Fibrosis

IBD

Tumor

Pneumonitis

Experimental design

OVA-induced allergic airway inflammation

OVA-induced allergic airway inflammation

OVA-induced allergic airway inflammation
HDM-induced allergic airway
inflammation

OVA-induced allergic airway inflammation

Oxazolone-induced contact hyper
sensitivity

Cigarette smoke-induced pulmonary
inflammation

Anti-type Il collagen antibody-induced
arthritis

Anti-type Il collagen antibody-induced
arthritis

Collagen-induced arthritis (CIA)
Collagen-induced arthritis (CIA)

Bleomycin-induced lung injury

DSS-induced colitis

Antigen-specific transfer colitis
CD45RB"e" CD4 T cell transfer colitis

RM-1 prostatic carcinoma

RMA-S and YAC-1 lymphoma

RM-1 prostatic carcinoma

RMA-S and YAC-1 lymphoma

Listeria infection

Methods

Cd69~~ (a) mouse
Anti-CD69 (H1.2F3)Ab
Anti-CD69 (H1.2F3)Ab
Cd69™ (a) mouse
Anti-Myl9/12 Ab
Anti-CDé69 (H1.2F3)Ab
Cd69™"~ (b) mouse
Anti-CDé69 (2.2)Ab
Cd69~" (b) mouse
Anti-CD69 (2.2)Ab
Cd69™"~ (a) mouse

Cd697~ (a) mouse

Cd69™ (b) mouse
Anti-CDé69 (2.2)Ab
Cd69™" (b) mouse
Anti-CDé69 (2.2)Ab
Anti-CDé69 (2.3)Ab
Cd69™" (a) mouse
Cd69™ (a) mouse
Anti-CD69 (H1.2F3)Ab
Cd697'~ (a) mouse
Cd69™" (a) mouse
Cd69™"~ (b) mouse

Anti-CDé69 (2.2)Ab
Cd69™" (b) mouse
Anti-CDé69 (2.2)Ab

Cd697"~ (b) mouse

Effects

Inhibition
Inhibition
Inhibition
Inhibition
Inhibition
Inhibition
Enhancement
Enhancement
Enhancement
Enhancement

Inhibition

Inhibition

None

None
Enhancement
Enhancement
Inhibition
Inhibition
Inhibition
Inhibition
Enhancement
Enhancement

Enhanced anti-tumor
activity

Enhanced anti-tumor
activity

Enhanced anti-tumor
activity

Enhanced anti-tumor
activity

Enhancement
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lung was significantly impaired in Cd69™"" mice. They also showed that
infiltrated macrophages in the inflamed lung expressed CD69, sug-
gesting the importance of CD69 expression on macrophages infiltrat-
ing into the lung in cigarette smoke-induced pulmonary inflammation
and bleomycin-induced lung injury fibrosis.

Taken together, these results demonstrate that CDé69 plays criti-
cal roles in the pathogenesis of inflammatory diseases in various tis-
sues regardless of the types of inflammation, such as type 1 or type
2 inflammation. Furthermore, the fact that anti-CD69 Ab treatment
ameliorated inflammatory responses in OVA-induced allergic airway
inflammation and DSS-induced colitis indicates the possibility that
the pathogenesis of the disease depends on the interaction between
CD69 and CD69 ligand(s) expressed in inflamed tissues, although such
ligands had not been identified for a long time and were recently dis-
covered in 2016.42

2.3 | Two lines of Cd69™’ mice with some variations
in implication of the role for CD69

There are two independently established lines of germline Cd69™"~
mice; one is the line with a deleted exon 1 including the first ATG,
which was made by our group (Cd69™"~ (a) mice in Table 2)%%; and the
other is the line established by Sanchez-Madrid’s group with deleted
exon 2 but still including exon 1, according to their construct struc-
ture (Cd69™'" (b) mice in Table 2).”¢ Both lines of Cd69™/~ mice do not
express any surface expression of CD69. There are some discrepan-
cies in the implication of the role for CD69 in the pathogenesis of
inflammation using these two lines of Cd69™~ mice. As we discussed
in the earlier sections, our Cd69 ™/~ (a) mice showed limited inflamma-
tory responses in several mouse models such as OVA-induced aller-

gic airway inflammation,”® DSS-induced colitis,”® anti-type Il collagen
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FIGURE 2 The CD69-Myl9 system and distribution of Myl9/12 in inflamed tissues. A, The CD69-Myl9 system is a novel mechanism that
regulates the infiltration of inflammatory cells into inflamed tissues through blood vessels. In inflamed lungs, platelet-derived Myl9 is detected
on the luminal surface of blood vessels and forms net-like structures together with platelets that we named “Myl9 nets”. Effector T cells from
regional LN are re-activated and re-express CD69 at the vasculature in the inflamed lung, and then interact with Myl9 nets to migrate into
tissues, leading to efficient induction of airway inflammation. Myl9 nets may act as a “platform” for effector T cells to migrate into inflamed
tissues. In chronic inflammation such as the polyps of ECRS patients, Myl9 nets were detected not only inside the vessels but also in perivascular
regions, which may facilitate inflammatory cell maintenance within inflammatory sites for long periods, leading to exacerbation and persistence
of tissue inflammation. B, Myl9 structure and important domains. CD69 binds to Myl9 through its N-terminal region that contains positively
charged amino acids. The C-terminal region of Myl9 contains two EF-hand domains including Ca®* binding sites. C, Confocal microscopy analysis
of lung sections after OVA inhalation showed that Myl9/12 (green) is expressed on the luminal surface of blood vessels (left) and some vessels
contain Myl9 nets together with vVWF (red) and platelets (CD41, blue) (right). D, Confocal microscopy analysis of polyps from ECRS patients
showed Myl9/12 expression (green) on luminal surface of blood vessels and at perivascular regions together with VWF (red) and platelets (CD41,
blue). E, Structured lllumination Microscopy (SIM) using platelet rich plasma prepared from murine peripheral blood stained with Myl9 (pink),
CellMask (red) and F-actin (green) revealed that Myl9 was highly expressed in platelets and that Myl9 protein moved to the edge of platelet
aggregates after 10 minutes stimulation with thrombin

Ab induced arthritis,%’ cigarette smoke-induced pulmonary inflam-
mation’* and bleomycin-induced lung injury fibrosis.”> In contrast,
the other line of Cd69™"~ (b) mice showed enhanced inflammation in
OVA-induced allergic airway inflammation’” and no difference in in-
flammatory responses in anti-type Il collagen Ab induced arthritis.”®
The reason for these contradictory results obtained by different re-

search groups has not yet been determined, particularly in the airway

inflammation models.”%”” One possible explanation is that different
strategies of construction for Cd69™/~ mice may result in the differ-
ences in the results obtained. Cd69™~ (b) mice contain the residual
exon 1 gene fragment encoded 21 amino acids including five serine
residues of cytosolic tail of CD69 molecule, which may have artificial
effects on the function of CD69-mediated signaling. Another possibil-

ity is the different experimental protocols and conditions used by the
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two different groups. The third possibility is that different microbiota
at the mucosa in the mice maintained in the different animal facilities
might create such a discrepancy, as several reports indicate that the
microbiota strongly influences the immune system.79'8O

Importantly, there have also been three CD69 Abs used in in
vivo mouse studies: two murine CD69 Abs (CD69.2.2 and CD69.2.3)
and one hamster CD69 Ab (H1.2F3).#270737781 Traatment with ei-
ther H1.2F3 or CD69.2.3 has inhibitory effects on inflammatory
diseases.*>707381 €D69.2.3 is reported to have some ability to in-
duce antibody-dependent cellular cytotoxicity (ADCC).8%%2 In con-
trast, CD69.2.2 treatment appears to exacerbate inflammation’”8!
(Table 2). Since CD69.2.2 was reported to induce rapid internalization
of CD69,8%82 which may indicate that this Ab might work as an ago-
nistic Ab so that the treatment with CD69.2.2 results in exacerbating
inflammation. H1.2F3 appears to have a small effect on internalization
of CD69 and we think it acts as a blocking Ab.#>7%7383 As plocking
antibodies and agonistic antibodies generally have different effects on
target responses, careful consideration of the function of CD69 Ab

treatment in inflammation is required.

2.4 | CD69 suppresses immune responses in some
experimental settings

As we discussed in the earlier section, CD69 is crucial for the in-
duction of inflammatory diseases and for immune responses upon
infection. However, CD69 is also expressed on a subset of Tregs,84
and may therefore negatively regulate some immune responses.
For instance, Cd69 ™~ mice showed exacerbated colitis, induced by
CD25 CD45RB"e" T cell injection, due to less function of Tregs
(Cd697/~ (a) mice in Table 2).858% |n this experimental setting, Tregs
play crucial roles in the prevention of colitis, indicating a require-
ment for CD69 in efficient generation and/or function of Tregs. It
is also reported that Cd69™"" mice showed augmented anti-tumor
immunity due to enhanced NK cell activity.gz’87 These data may
indicate that CD69 is important for immuno-suppressive activity
in some experimental settings. We think that contradictory results

in the different colitis models’38>8%

may be due to their differ-
ent levels of involvement of CD69-expressing effector T cells and

Tregs.

3 | THE CD69-MYL9 SYSTEM IN
AIRWAY INFLAMMATION

Our group recently identified a system regulating the pathogenesis
of airway inflammation, and named it as the “CD69-Myl9 system”*?
(Figure 2A). We found that the CDé69 ligand, Myl9/12, is expressed
on the luminal surface of blood vessels in inflamed lungs, and works
as a “platform” through which activated CD69-expressing T cells
migrate into the inflamed lung. The CD69-Myl9 system may pro-
mote efficient recruitment of activated T cells into the inflamed
airway. We will discuss the details of this scenario in the following

sections.

Immunologic

3.1 | Identification of Myl9/12 as CDé69 ligands

Our group recently succeeded in identifying the functional ligands
for CD69 in inflammatory settings.42 By using recombinant murine
CD69 extracellular protein as bait, pull-down with lysates from BM,
which was previously suggested to express CD69 Iigands,83 was
performed, and subsequent LS-MS/MS analysis revealed that the
CDé69-interacting protein is Myl9 (Figure 2B). Physical association
between CD69 and Myl9 molecules was confirmed by two methods:
immunoprecipitation-western blotting assay and ELISA assay. Myosin
light chain family has 10 family members and Myl9 has high homol-
ogy to Myl12a (94%) and Myl12b (94%). We confirmed that CD69
binds to not only Myl9 but also Myl12a and Myl12b, at least in vitro.
Further studies using Myl9 mutants revealed that CD69 binds to the
N-terminal region of Myl9 and that the interaction is dependent on
positive charges of lysine residues of MyI'?.42 By using the N-terminal
region of Myl9 protein as an immunogen, we succeeded to make func-
tional monoclonal (mouse anti-Myl9/12 monoclonal Ab (114-2G9),
KAN Research Institute Inc; rabbit anti-Myl9/12 monoclonal Ab (F-6),
Abwiz Bio Inc) and polyclonal Abs that inhibit the binding of CD69 to
Myl9, Myl12a and Myl12b; and, therefore, we named these Abs as
Myl9/12 Ab.4?

3.2 | Myl9/12 Ab treatment ameliorates airway
inflammation in two mouse models

We next examined the impacts of anti-Myl9/12 Ab treatment on
OVA-induced and house dust might (HDM)-induced allergic airway
inflammation.*? Anti-Myl9/12 Ab treatment significantly ameliorated
lung inflammation; mononuclear cell numbers within bronchoalveolar
lavage (BAL) fluid were significantly decreased, mucus secretion was
reduced and methacholine-induced AHR was significantly reduced.
Importantly, the inhibition of airway inflammation by anti-Myl9/12 Ab
treatment was strong, and almost identical to the inhibition by treat-
ment with anti-CDé9 Ab. These results are consistent with the notion
that anti-Myl9/12 Ab and anti-CDé9 Ab inhibited the interaction be-
tween CD69 and Myl9 molecules.*?

3.3 | Increased Myl9/12 expression in inflamed
local tissues

Myl9 is a regulatory light chain that forms non-muscle myosin Il
by associating with myosin heavy chain such as Myh9, Myh10 and
Myh14,%8 suggesting that Myl9 is a cytosolic protein. If so, how is it
possible that Myl9 works as a ligand for CD69? We first examined
when and where Myl9/12 is expressed during inflammation.*? Myl9
protein expression was limited in non-inflamed lungs from normal
mice; whereas Myl9 protein expression was significantly increased
upon inflammation. Confocal microscopy analysis revealed that Myl9
expression was detected on the luminal surface of blood vessels upon
inflammation (Figure 2C left). Furthermore, we found that Myl9 forms
net-like structures together with platelets (CD41) and von Willebrand
factor (VWF) inside of the vessels in the inflamed lung (Figure 2C
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right), demonstrating that Myl9 clearly exists as extracellular protein.
We named the net-like structure detected in the blood vessels in in-
flamed lungs as “Myl9 nets”.*?

We next examined the expression of Myl9 in inflamed human
tissue. ECRS is an intractable airway inflammatory disease and often
develops nasal polyps accompanied by massive infiltration of eosino-
phils, lymphocytes and plasma cells.2? ECRS patients usually undergo
surgical resection of nasal polyps to improve the clinical symptoms;
however, the recurrence rate is high and is often associated with in-
tractable asthma so that new therapeutic strategies are always de-
sired.”®"%° Interestingly, Myl9 nets were frequently detected in nasal
polyps from the patients with ECRS, not only inside the blood vessels
but also around the perivascular regions (Figure 2D). Furthermore,
CD69-expressing T cells were identified within the polyps,®* and they
appeared to be trapped in the perivascular regions by Myl9 nets.*?
Thus, the CD69-Myl9 system could be a new therapeutic target for
the treatment of chronic inflammatory diseases such as ECRS.

3.4 | Source of Myl9/12 molecules in the
inflamed lung

It has been reported that Myh9 forms a complex with Myl9 and is
highly expressed in platelets,”*?> and that Myl9 can be detected in
granules released from platelets upon activation.”® In fact, we con-
firmed that Myl9 protein expression was extremely high in megakary-
ocytes and platelets.*? Of note, Myl9 mRNA expression was extremely
high but Myl12a and Myl12b mRNA expression was limited in plate-
lets; therefore, we think that the major protein that we detected by
Myl9/12 Ab is Myl9. Our experiment using Structured lllumination
Microscopy (SIM) showed that Myl9 was highly expressed in platelets
(Figure 2E) and that Myl9 relocated into the edge of platelet aggre-
gates within 10 minutes after thrombin stimulation (Figure 2E) and
was released outside of platelets within 2 hours after thrombin stimu-
lation.*> However, it is not yet clear whether Myl9 is secreted from
platelets or is released due to platelet rupture. The depletion of plate-
lets by GP1ba Ab treatment 1 day before and during OVA challenge
significantly decreased the amounts of Myl9 detected on the luminal
surface of blood vessels in the lung, demonstrating that the source of
Myl9 in inflamed lungs is most likely platelets.42

Platelets are a major player in the coagulation cascade, which is an
ordered-process and favors clot formation. Tissue injury readily acti-
vates platelets in the intravascular space, and platelets attach to the
inflamed endothelial cells to form plugs (platelet plug). Almost simulta-
neously, endothelial cells are activated, and release tissue factors that
induce the activation of coagulation factor X (a serine endopeptidase).
This activation cascade results in thrombin activation and the gener-
ation of fibrin strands, leading to a stable platelet-fibrin clot.””?® We
propose that Myl9 is released from platelets and then incorporated
into the clot, creating MylI9 nets that form a platform for inflammatory
cells to be recruited into the tissue parenchyma.

Importantly, recent reports suggest that abnormalities in the co-
agulation cascade may play an etiologic role in many diseases, such
as asthma and other inflammatory conditions.”® For instance, it is

reported that platelets from patients with allergy show abnormali-
ties?”1% and that platelets play a crucial role in the recruitment of
inflammatory cells upon antigen exposure in allergic diseases including
asthma, allergic rhinitis and eczema.’® We think that involvement of
platelets in the induction or exacerbation processes of airway inflam-

mation may be dependent on CD69-Myl9 system, at least in part.

3.5 | Role of the CD69-Myl9 system in
immune responses

The first step of immune responses is the activation and recruitment
of innate immune cells to inflammatory tissues through inflamma-
tory vessels, APCs then capture antigens and migrate into regional
LNs where they present these antigens to T cells. Antigen-specific
naive T cells that recognize antigens are activated, differentiate into
effector T cells and eventually move to inflamed sites via the blood
stream.1%271% During the activation of T cells in LNs, they express
substantial amounts of CD69 on their surface; however, these T
cells need to down-regulate their CD69 expression for egress from
the LN and migration into inflamed tissues via the blood stream.?®
This process seems to not fit with our CD69-Myl9 system in which
CD69-expressing effector T cells must exist in the lung vasculature.
To address this discrepancy, we performed intravascular staining,
which allows staining of the cells that are only in the vasculature.®
We found that CD69-expressing T cells were not detected in the sys-
temic blood stream, but do exist in the vasculature in inflamed Iung.42

How do antigen-specific T cells re-express CD69 in the inflamed
vasculature? One possibility is that the inflammatory cytokines are
rich in small vessels in the inflamed lung, and the exposure to these
cytokines may induce cell surface expression of CD69 on T cells in the
small vessels. In fact, inflammatory cytokines such as IFNa/p, TGFp,
TNFa and IL-33 can rapidly induce CDé69 on T cells without antigen

stimulation,lm'112

suggesting the possible involvement of these in-
flammatory cytokines in the surface expression of CD69 on T cells in
the inflamed lung vasculature. It is also reported that CD69 protein
is present in the cytoplasm even in the resting T cells from human
PBMCs. '3 As some of the antigen-specific T cells in the inflamed lung
vasculature are pre-activated by antigen stimulation in the regional
LN, they may contain CD69 protein in the cytoplasm. Thus, antigen-
specific T cells may upregulate cell surface expression of CD69 readily
upon inflammatory stimulation; whereas naive T cells have little CD69
protein in the cytoplasm so that they may induce very limited levels of
CD69 surface expression in the inflammatory vessels. We think that
Myl9 nets may transiently trap various kinds of cells; however, only
pre-activated antigen-specific T cells can readily upregulate CD69
upon inflammatory stimulations so that they are able to tightly attach
to Myl9 nets, and efficiently migrate into the inflamed tissues. Since
naive T cells do not express enough CD69, they may just pass through
the Myl9 nets and be returned to circulation. A similar scenario has
been reported in a study demonstrating that circulating CCR5™ rest-
ing memory CD8 T cells rapidly induce surface CCR5 expression
upon inflammatory stimulation, and the CCR5 expression is crucial
for the recruitment of these cells into lung tissues.*'* An alternative
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possibility is that there may exist MHC class Il (MHC-II)-expressing
cells in the inflamed vasculature that can induce T cell activation in the
vessels. In fact, endothelial cells in human allografts appeared to ex-
press both MHC class | (MHC-1) and MHC-II, which may induce T cell
activation.'*>"1® Although endothelial cells do not express CD80 or
CD86,'% these costimulatory molecules are known to be unnecessary
to induce cell surface expression of CD69. Furthermore, in addition
to DCs and monocytes, eosinophils, basophils, neutrophils, mast cells

118 although

and innate lymphocytes are known to express MHC-II,
their contribution to the induction of CD69 on T cells remains un-
known and further investigation is required.

In summary, the CD69-Myl9 system is a novel system that regulates
the pathogenesis of allergic airway inflammation by efficiently recruit-
ing and maintaining inflammatory cells in the inflamed lung. Since Myl9
expression is observed in not only acute mouse allergic airway inflam-
mation models but also in the polyps from patients with ECRS, a human
chronic inflammatory disease, we think that the CD69-Myl9 system

plays important roles in both acute and chronic inflammatory diseases.

3.6 | Pathogenic Th2 cells migrate into the
inflammatory sites via the CD69-Myl9 system

Recently we have identified a subpopulation of memory Th2 cells
that produces high amounts of IL-5 and appears to be responsible for
the pathology of various Th2-type chronic inflammatory diseases, in-
cluding asthma’?'??; the cells we call pathogenic Th2 (Tpath2) cells.
Tpath2 cells are generated from memory Th2 cells by exposure to
IL-33 produced by epithelial cells, endothelial cells and airway smooth
muscle cells under inflammatory conditions, such as the lung in asthma
patients.2>12! While these Tpath2 cells stay within structures called
inducible bronchus-associated lymphoid tissue (iBALT) in the inflamed
lung,>* some Tpath2 cells seem to circulate and migrate into in-
flamed tissues upon antigen exposure. For instance, it is reported that
CD161" CRTH2" IL-5-producing Tpath2 cells are detected in PBMCs
of patients with eosinophilic gastrointestinal disease.?? We think that
migration of Tpath2 cells into inflamed tissue is highly dependent on
the CD69-Myl9 system. Furthermore, IL-5-producing Tpath2 cells
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were readily detected in polyps from patients with ECRS.'?° As we

described in the earlier section, Myl9 nets were detected inside of the
blood vessels as well as at the perivascular area of blood vessels in the
polyps from ECRS patients. We think that the Myl9 nets also play a
role in maintenance of Tpath2 cells within inflamed tissues, leading to
exacerbation and persistence of tissue inflammation.

4 | ROLES OF CD69 EXPRESSION IN T,
CELLS AND BM MEMORY T CELLS

Tem cells spend their life within specific tissues without circulation,
and contribute to tissue homeostasis and barrier immunity by surveil-
lance for secondary pathogen invasion.*>"?! Since CD69 is expressed
on Tg,, cells, CD69 has been considered as a marker for Ty, ceII515’21;
whereas a recent study has shown that a substantial proportion of Ty,
cells in the pancreas, salivary glands and female reproductive tract of
mice do not express CD69.18123 These results suggest that CD69 is a
good marker for T, cells in general, but not a perfect marker in some
tissues.

How is CD69 expression induced and maintained on Ty, cells?
Antigen-induced TCR stimulation is important for CD69 up-regulation
on CD8 T cells.}?* Several studies using virus infection models such
as influenza or vaccinia viruses indicated that, even after virus clear-
ance, viral residual antigens exist in the local infection sites, which con-
tributes to the expression of CD69 on CD8" Trm cells and promotes
residency of both CD4" and CD8" Ty, cells.*?5128 Fyrthermore, as
we discussed in the earlier sections, several studies suggested that in-
flammatory cytokines such as IFNa/f, TGFp, TNFa and IL-33 can also
induce CD69 on T cells.'%” 12 However, it remains unclear why CD69
expression is continuously expressed and if any signals are required for
the long-term maintenance of CD69 expression on Tp,, cells.

The importance of CD69 expression on CD8" T cells has been
examined by using Cd69™"~ mice!!2124129130 (Taple 3), Cd69™~ CD8

0 or lungs,*?*

T cells were less well maintained in skin epidermis®®
demonstrating that CD69 expression is crucial for CD8* Trm cells re-

siding in local tissues. Furthermore, S1P;-overexpressing CD8 T cells

TABLE 3 Roles of CD69 on CD8" Trum cells and BM memory CD4 T cells

Experimental design Methods Tissue Cells Results References
Influenza virus Cd69™"~ (a) mouse Lung CD8T CDé69 is required Lee et al.t?*
infection Takamura et al.*??
Helpes simplex virus Cd69™"~ (b) mouse Skin CcD8T CDé69 is required Mackay et al.**°
(HSV) infection
LCMYV infection S1P, introduction to Non-lymphoid organs (kidney, CcD8T CDé69 is required Skon et al.}*?
DNFB treatment CD8 T cells salivary gland, lamina propria,
intestine intraepithelium, skin)
OVA plus LPS Cd69~/~ (a) mouse Bone marrow CD4T CDé69 is required Shinoda et al.&®

immunization anti-CDé69 (H1.2F3)Ab
NP-KLH with alum

immunization

NP-CGG plus IFA

immunization
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could not be retained in non-lymphoid tissues.!*? Since CD69 inhibits
S1P, surface expression, as we discussed in the earlier section, these
results suggest that the CD69-S1P, system is not only required for
lymphocyte egress from lymphoid organs such as thymus and LN, but
also required for the retention of CD8" Tgwm cells in non-lymphoid tis-
sues. Interestingly, a recent study has indicated that the CD69-S1P,
system is only required for the establishment of CD8" Trm cellsin non-
lymphoid tissues, but no longer required for long-term maintenance of
cD8* Trm cells in the tissues at least in an infection model, indicating a
limited requirement of the CD69-S1P, system for established T, cells
in the tissues.'?’ As we discussed in the earlier sections, Myl9 nets
were abundantly detected inside of the blood vessels as well as peri-
vascular regions in the polyps from ECRS patients. Together with the
fact that Tg,, cells express CD69, we think that, under inflammatory
conditions such as asthma, the CD69-Myl9 system may contribute to
the retention of pathogenic Ty, cells at inflamed sites, exacerbating
inflammatory diseases. Thus, CD69 appears to be required for both
the establishment and retention of CD8* Trm cells in non-lymphoid
tissues; however, the precise molecular mechanisms by which CD69 is
involved in each process of the establishment and retention of CD8"
T cells in different models (ie, infection vs. inflammation) remain un-
known. Moreover, little is known about the role for CD69 in CD4" T,
cells and further investigation is required.

In addition to CD8" Ty, cells, resting memory CD4" T cells in the
BM require CD69 expression for their recruitment and maintenance in
BMm83.131 (Table 3). It has been reported that, in an immune response,
memory T cells preferentially reside and rest on stromal niches of the
BM,131-134 suggesting that the BM works as a “reservoir” for long-lived
memory T cells.13135-137 Because we identified Myl9 in BM lysates as
a CD69 ligand by pull-down assay using the murine CD69 extracellular
domain,*? it is likely that the CD69-MyI9 system may also work in the re-
cruitment and maintenance of memory CD4 T cells in the BM, although
Myl9-expressing cells to recruit CD69" cells into the BM should be iden-
tified. One possibility is megakaryocytes, which contain high amounts of
Myl9,*? and are intimately associated with sinusoidal endothelial cells,
the site of cellular exchange between the circulation and the BM.**3 We
think that activated platelets detach from vessels within inflamed tissues
as site-specific inflammation subsides, and the Myl9 nets resolve; some
of the CD69-expressing antigen-specific T cells that do not enter or
stay in the inflamed tissues may migrate into the BM to generate long-
term pathogenic and resting memory. The systemic dynamics of CD69-
expressing T cells in pathogenic memory should be further investigated.

5 | CD69 AS APOTENTIAL TARGET
FOR THERAPEUTICS

Several humanized Abs are now undergoing clinical trials for intrac-
table asthma patients.?®8-1#! Although these trials are showing some
encouraging results, some limitations have also been reported. As we
discussed above, the interaction between CD69 and Myl9 appears to
be a critical process in various inflammatory diseases. Therefore, block-
ing this interaction by either anti-CD69 or anti-Myl9/12 Abs could be

an effective therapeutic target for the intractable inflammatory dis-
eases such as ECRS or steroid-resistant asthma. As we discussed ear-
lier in this review, Myl9 protein expression becomes detectable in the
lung upon inflammation but less detected under healthy conditions;
therefore, anti-Myl9/12 Ab may work only within the inflamed tissues.
Thus, treatment with anti-Myl9/12 Ab may have advantages in selec-
tive effects and smaller side effects as compared to other drugs, such
as steroids. Myl9 expression is extremely high in platelets, which raises
the question whether anti-Myl9/12 Ab can alter platelet function.
However, we think this is unlikely, because Myl9 is only released from
platelets upon activation, suggesting that anti-Myl9/12 Ab should not
have any influence on platelets at steady state.

Anti-CD69 Ab could also be useful for the treatment of intractable
asthma. All activated inflammatory cells in chronic inflammatory lesions
are thought to express CD69 on their cell surface; therefore, anti-CD69
Ab can target all inflammatory cells and could result in strong and broad
reductions in inflammatory responses. In fact, the majority of infiltrated
T cells in the polyps of ECRS express CD69.°* Because CD69 is also
expressed on Tp,, cells, anti-CD69 Ab may also impact on these cells.
However, Cd69™/~ mice showed no detectable increases in spontaneous
inflammation or infection when they are maintained under SPF condi-
tions, and thus it is unlikely that severe defects in immune responses
or autoimmune diseases occur after anti-CD69 Ab treatment, although
further careful studies are still required. Finally, we want to point out
that blocking the interaction between CD69 and Myl9 can be used not
only for intractable asthma but also other intractable inflammatory dis-

eases, including colitis, arthritis and atopic dermatitis.

6 | CONCLUDING REMARKS

In this review, we have summarized current knowledge of CDé69 biol-
ogy, especially how the CD69 molecules regulates inflammatory dis-
eases such as airway inflammation. CD69 has been known to be crucial
for the pathogenesis of various inflammatory diseases; however, the
molecular mechanisms regulating how CD69 works was not investi-
gated. Our recent discovery of Myl9/12 as a functional ligand for CD69
and the CD69-MyI9 system defines how CDé9 regulates the pathogen-
esis of airway inflammation. As we discussed in this review, Myl9 is pro-
duced by platelets upon inflammation and creates Myl9 nets inside of
blood vessels. We think that CD69-expressing inflammatory cells use
Myl9 nets as a platform to migrate into inflamed tissues; the system we
named the CD69-Myl9 system. Since Myl9 nets were also detected in
the perivascular region in the nasal polyps of ECRS patients, we think
that the CD69-Myl9 system works also in human chronic inflammation
as a machinery to maintain inflammatory CD69-expressing cells inside
the inflammatory lesions. As there are many reports showing the cor-
relation between coagulation system function and the pathogenesis of
inflammation, we think that the CD69-Myl9 system may play a role in
a variety of inflammatory diseases. We have already made both anti-
CDé69 and anti-Myl9/12 humanized monoclonal Abs, and we think that
both Abs could be new therapeutic tools not only for airway inflamma-
tory disorders but also other inflammatory diseases.
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