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Simple Summary: CCR4 is a chemokine receptor selectively expressed on normal T cell subsets
such as type 2 helper T cells, skin-homing T cells and regulatory T cells, and on skin-associated T
cell malignancies such as adult T cell leukemia/lymphoma (ATLL), which is etiologically associ-
ated with human T lymphocyte virus type 1 (HTLV-1), and cutaneous T cell lymphomas (CTCLs).
Mogamulizumab is a fully humanized and glyco-engineered monoclonal anti-CCR4 antibody used
for the treatment of refractory/relapsed ATLL and CTCLs, often resulting in complete remission.
The clinical applications of Mogamulizumab are now being extended to solid tumors, exploring
the therapeutic effect of regulatory T cell depletion. This review overviews the expression of CCR4
in various T cell subsets, HTLV-1-infected T cells, ATLL and CTCLs, and the clinical applications
of Mogamulizumab.

Abstract: CCR4 is a chemokine receptor mainly expressed by T cells. It is the receptor for two
CC chemokine ligands, CCL17 and CCL22. Originally, the expression of CCR4 was described as
highly selective for helper T type 2 (Th2) cells. Later, its expression was extended to other T cell
subsets such as regulatory T (Treg) cells and Th17 cells. CCR4 has long been regarded as a potential
therapeutic target for allergic diseases such as atopic dermatitis and bronchial asthma. Furthermore,
the findings showing that CCR4 is strongly expressed by T cell malignancies such as adult T cell
leukemia/lymphoma (ATLL) and cutaneous T cell lymphomas (CTCLs) have led to the develop-
ment and clinical application of the fully humanized and glyco-engineered monoclonal anti-CCR4
Mogamulizumab in refractory/relapsed ATLL and CTCLs with remarkable successes. However,
Mogamulizumab often induces severe adverse events in the skin possibly because of its efficient
depletion of Treg cells. In particular, treatment with Mogamulizumab prior to allogenic hematopoietic
stem cell transplantation (allo-HSCT), the only curative option of these T cell malignancies, often
leads to severe glucocorticoid-refractory graft-versus-host diseases. The efficient depletion of Treg
cells by Mogamulizumab has also led to its clinical trials in advanced solid tumors singly or in combi-
nation with immune checkpoint inhibitors. The main focus of this review is CCR4; its expression on
normal and malignant T cells and its significance as a therapeutic target in cancer immunotherapy.

Keywords: chemokine; chemokine receptor; CCR4; T cell subset; HTLV-1; ATLL; CTLL; HAM/TSP;
Mogamulizumab; immune check point inhibitor

1. Introduction

In 2014, Kouji Matsushima and I wrote a review entitled “CCR4 and its ligands: from
bench to bedside” in the International Journal of Immunology [1]. The review was intended
to cover the functional association of CCR4 with various T subsets and also to introduce
the exciting success and subsequent approval of Mogamulizumab, a humanized and glyco-
engineered monoclonal anti-CCR4, in the treatment of refractory/relapsed adult T-cell
leukemia/lymphoma (ATLL) in Japan. Subsequently, Mogamulizumab has been approved
in the US for the treatment of cutaneous T cell lymphomas (CTCLs), namely, mycosis
fungoides (MF) and Sézary syndrome (SS), after at least one prior systemic treatment. The
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potential clinical application of Mogamulizumab is now extended to solid tumors because
of its efficient depletion of regulatory T (Treg) cells.

In this review, I first overview the chemokine superfamily and the differentiation of
naive T cells into various functional T cell subsets accompanied by characteristic expres-
sions of selective chemokine receptors. I then describe the human oncogenic retrovirus
HTLV-1 (human T lymphocyte virus type 1) and its etiologically associated diseases,
adult T-cell leukemia/lymphoma (ATLL) and HTLV-1-associated myelopathy /tropical
spastic paraparesis (HAM/TSP), with particular attention on the expression of CCR4 on
HTLV-1-infected T cells and malignant T cells. Then, I describe the development of Moga-
mulizumab, its successful clinical applications to ATLL and cutaneous T cell lymphomas
(CTCLs), and its frequent adverse events apparently related to the efficient depletion of
Treg cells. Next, I briefly overview the application of immune checkpoint inhibitors to
various cancers including ATLL and CTCLs. Finally, I describe the recent clinical trials
of Mogamulizumab in solid tumors, alone or in combination with immune checkpoint
inhibitors. Overall, this review intends to update the various topics related to CCR4 and
the clinical applications of Mogamulizumab since our 2014 review [1].

2. Overview on the Chemokine Superfamily and T Cell Subsets
2.1. The Chemokine Superfamily

Chemokines are a group of small secreted proteins and two transmembrane molecules
that are primarily important for migration and tissue infiltration of leukocytes and lympho-
cytes [2-5]. Chemokines are also involved in migration, survival, and tissue localization of
various types of cells including cancer cells [2-5]. Chemokine molecules have four well-
conserved cysteine residues and were originally divided into the CC and CXC subfamilies
according to the motif of two N-terminal cysteine residues; they are adjacent in the CC
subfamily and separated by a single amino acid in the CXC subfamily. Subsequently two
new types of chemokine were identified, representing the (X)C subfamily that lacks the first
and third cysteine residues, and the CX3C subfamily that has three amino acids between
the two N-terminal cysteine residues [2]. In humans, close to 50 chemokine molecules are
now known [1,3] (Figure 1). Chemokine receptors are also a subfamily of the superfam-
ily of seven-transmembrane domain G protein-coupled receptors (GPCRs). In humans,
there are eighteen chemotactic receptors and five non-chemotactic/atypical scavenging
receptors [1,3] (Figure 1). The chemokines and their receptors are now indicated by their
systematic names, consisting of the subfamily CC, CXC, (X)C or CX3C followed by L for
ligand or R for receptor and a number allocated principally by the order of discovery [2].
Atypical chemokine receptors are indicated by the abbreviation ACKR and numbers.

Functionally, chemokines are often classified into inflammatory and homeostatic
chemokines according to their mode of expression and biological functions. However,
such classifications are oversimplistic; even inflammatory chemokines may have some
homeostatic roles whereas homeostatic chemokines often have inflammatory roles. Thus,
some chemokines are now called dual chemokines because of their homeostatic and in-
flammatory functions [3]. Originally, however, I called the chemokines that mainly target
lymphocytes as “immune chemokines” because of not only their main roles in lymphocyte
migration but also their more restricted ligand-receptor relationships and their evolution-
ary differences from the inflammatory chemokines as evidenced from their genes being
mapped at loci different from the major gene clusters of inflammatory chemokines that are
located in chromosome 4 for CXC chemokines and chromosome 17 for CC chemokines in
humans [6]. Thus, personally, I prefer to use the term ‘immune chemokines’ for most of the
homeostatic and dual chemokines (Table 1). At any rate, typical inflammatory chemokines
and their receptors have highly redundant ligand-receptor relationships, while so-called
“immune chemokines” tend to have more restricted ligand-receptor relationships [2,3]
(Figure 1). However, even if there are multiple ligands for a receptor and multiple receptors
for a ligand by in vitro assays, their respective functions in vivo may be different through
possible differences in induction signals, producing cells, and/or biased signaling events
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after receptor binding [7]. Indeed, among the so-called “immune chemokines”, the axes of
CCR4, CCR7 and CXCR3 have two or three ligands for a single receptor (Table 1), but the
ligands have biased intracellular signaling functions and complementary roles in the tissue
microenvironment [1,7,8].

Chemokine

Chemokine receptor

CXCL6

oXOLE CXCR1
CcXcL1

CXcL2

cXcL3 CXCR2
CXCL5

CXCL7

CXCL9

CXCL10 CXCR3
CXCL11 ACKR3
CXCL12 CXCR4
CXCcL13 —— CXCRS5
CXCcL1e —— CXCRé6
CXCL14 Unknown
CXCL17 Unknown

XCL1
XCR1
XCL2 >

Many CXC and CC ——— ACKR1
Many CC —— ACKR2
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oL » CCR2
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CCL3L1 \
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CCL15 <X

CCL23 CCR3
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CCL26
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ccL2s CCR10
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CcoL22 > CCR4
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CCL1 — CCRs
CCL25 ——— CCR9
CCL18 — Unknown

Figure 1. The chemokine superfamily. Inflammatory chemokines and their receptors are indicated in

red. Immune chemokines (homeostatic/dual chemokines) are indicated in blue. Atypical chemokine

receptors are indicated in green. Chemokines with unknown receptors are indicated in purple.

The lines indicate well-established agonistic interactions. Antagonistic or indirect interactions are

not shown.
Table 1. Immune chemokines.

Receptor Chr Ligand Chr Receptor-Expressing Cell Type
CCR4 3p24 CCL17,CCL22 16q13 Th2, Th17, Th22, Treg, Skin-T, Lung-T, Plt
CCR6 6927 CCL20 2q36.3 Th17, Th22, Treg, Skin-T, Intestine-T, iDC, B
CCR7 17q12-1.2 CCL19, CCL21 9p13.3 Naive T, Tcm, aDC, B
CCR8 3p22 CCL1 17q11.2 Th2, Skin-T, Treg
CCR9 3p21.3 CCL25 19p13.2 Intestine-T, IgA-ASC
CCR10 17q21.1-21.3 CCL28 5p12 Skin-T, Th22, IgA-ASC

CXCL9, CXCL10,
CXCR3 Xql3 CXCL11 4q21.1 Thl, CD8+ T
CXCR4 2q21 CXCL12 10q11.1 B, Naive T, Memory T, DC, Plt
CXCR5 11g23.3 CXCL13 4q21.1 Tfh, B
CXCR6 3p21 CXCL16 17p13 Thl, NK, NKT
CX3CR1 3p21.3 CX3CL1 16q13 CD8+ T, NK, Mo/Ma
XCR1 3p21.3 XCL1 1q24.2 cDC1

Abbreviations: Chr, chromosome; Th, T helper; Treg, regulatory T; Skin-T, skin-homing T cell; Lung-T, lung-homing T; Plt, platelet;
Intestine-T, intestine-homing T cell; iDC, immature dendritic cell; B, B cell; Tem, central memory T; aDC, activated dendritic cell; IgA-ASC,
IgA-antibody secreting cell; CTL, cytotoxic T lymphocyte; DC, dendritic cell; Tth, T follicular helper; NK, natural killer cell; NKT, natural

killer T cell; Mo/Ma: monocyte/macrophage; cDC1, conventional dendritic cell type 1.
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2.2. Identification of CCR4

CCR4 was initially reported as a novel chemokine receptor for the three major inflam-
matory chemokines MCP-1/CCL2, MIP-1oc/CCL3 and RANTES/CCLS5 [9]. However, we
re-identified CCR4 as a highly specific receptor for two newly identified and closely related
CC chemokines [10,11]: TARC/CCL17, a novel T-cell attracting CC chemokine [12], and
MDC/STCP-1/CCL22, another novel CC chemokine derived from macrophages [13,14].
On the other hand, we confirmed that CCR4 had no receptor functions for CCL2, CCL3
or CCL5 even when using highly sensitive binding, chemotactic or calcium mobilization
assays [10]. We have further demonstrated that the CCL17 and CCL22 genes are closely
mapped to the human chromosome 16q13 together with that of CX3CL1 [11,15,16], suggest-
ing that CCL17 and CCL22 were generated from a common ancestor by gene duplication
and thus share the same receptor CCR4. Mouse Ccl17, Ccl22, and Ccr4 were also cloned
and characterized. Their functional properties are highly consistent with those of human
counterparts [17-20]. Mouse Ccl17 and Ccl22 genes are also closely mapped to the mouse
chromosome 8qC5 together with that of Cxscll [21].

We and others have also demonstrated that CCL17 and CCL22 as well as their
mouse counterparts are not equivalent agonists for CCR4 or Ccr4. CCL22 is dominant
over CCL17 in terms of CCR4 desensitization: namely, ligand-induced internalization of
CCR4 [11,20,22]. Thus, while pretreatment with CCL22 desensitizes CCR4 to subsequent
stimulation with CCL17, pretreatment with CCL17 does not efficiently desensitize CCR4
to CCL22 [11,20,22]. This is considered to be relevant to their respective roles in T cell
trafficking to the skin [23]. CCL17 is expressed by dermal endothelial cells and promotes
extravasation of T cells via CCR4 [24]. Since CCL17 does not efficiently desensitize CCR4,
CCR4-expressing T cells are still able to migrate within the skin tissue toward CCL22 that
is mainly produced by dermal dendritic (DC) cells [23]. On the other hand, CCL22 but not
CCL17 has the N-terminal Gly;-Pro;, (the X; P, motif), the cleavage site for CD26/dipeptidyl
peptidase 4 (DPP4), which is expressed on various cells including endothelial cells. Since
the cleavage of the N-terminus by DPP4 makes CCL22 poorly active on CCR4, it prevents
CCL22 acting on CCR4 prior to CCL17 on endothelial cells. The cleavage of CCL22 by
DPP4 was, however, found to proceed beyond Gly;-Pro; to Tyrz-Gly,, resulting in the
generation of CCL22 (5-69) [25]. It was further reported that intact as well as truncated
CCL22 was equally chemotactic for monocytes, suggesting, though not yet proven, the
presence of an alternative receptor for CCL22 [25]. It has also been reported that CCR4
exists in at least two distinct conformational populations, of which a major population
is activated by both CCL17 and CCL22, while a minor population is activated only by
CCL22 [22].

2.3. T Cell Subsets

After exit from the thymus, naive T cells are known to recirculate between the blood
and secondary lymphoid organs (SLOs). On the other hand, immature DCs present in
peripheral tissues start maturation upon antigenic stimuli and migrate to SLOs via afferent
lymphatics. In SLOs, naive T cells meet antigen-loaded mature DCs and scan antigenic
peptides presented in association with major histocompatibility complex (MHC) molecules.
These migratory and interactive processes of naive T cells and DCs are crucially dependent
on CCR7 and its two ligands CCL19 and CCL22 [26-28]. If not stimulated by antigenic
peptides, naive T cells exit SLOs via efferent lymphatics by using sphingosine-1-phosphate
(51P) and its receptor S1P-R1 [29,30]. If stimulated by cognate antigenic peptide-MHC
complexes and CD80/CD86 co-stimulatory molecules via CD28, naive T cells proliferate
and differentiate into various effector T cell subsets in accordance with local cytokine
milieu and imprinting conditions. Accordingly, effector CD4* T cells are composed of
various functional subsets such as Th1, Th2, Th17, Th22, Tth, and Treg (Table 2), although
such functional differentiations are often flexible and can be overlapping [31,32]. It is now
known that during T cell activation, local cytokine milieu drives the expression of distinct
master transcription factors in activated T cells that drive Th phenotype differentiation and
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production of signature cytokines. The respective master regulators are T-box 21 (T-bet) for
Th1, GATA binding protein 3 (GATA3) for Th2, RAR-related orphan receptor y (ROR-y) for
Th17, Aryl hydrocarbon receptor (AHR) for Th22, B cell lymphoma 6 protein (Bcl-6) for Tth,
and Forkhead box P3 (FoxP3) for Treg [33]. Each T cell subset is primarily characterized by
production of signature cytokines and also by expression of selective chemokine receptors
(Table 2).

Table 2. The major T cell subsets and chemokine receptors.

T Cell Subset Inducing Cytokine Master Regulator Signature Cytokine Major Chemokine Receptor
Thi IL-12, IFN-y T-bet IFN-y, IL-2, TNF-3 CXCR3, CCR5
Th2 IL-4 GATA3 IL-4, IL-5, IL-13 CCR4, CCR8, CCR3
Th17 TGF-B, IL-6, IL-21 RORYy IL-17, IL-22 CCR6, CCR4
Th22 TNF-«, IL-6 AHR IL-22, TNF-«, IL-13 CCR10, CCR6, CCR4
Tth IL-6, IL-21 Bcl-6 IL-4,IL-17, IFN-y CXCR5
Treg TGF-B, IL-2 FoxP3 IL-10, TGF-p CCR4, CCR6, CCR8

Abbreviations: Th, helper T; Tth, follicular helper T; Treg, regulatory T; IL, interleukin; IFN, interferon; TGF, transforming growth factor;
TNF, tumor necrosis factor; T-bet, T-box expressed in T cells; GATA3, GATA-binding transcription factor 3; RORy, RAR-related orphan
receptor v; AHR, Aryl hydrocarbon receptor; Bcl-6, B-cell lymphoma 6 protein; FoxP3, Forkhead box P3.

Antigen-primed T cells also differentiate into long-lived memory T cells, which are
now divided into two major subsets: central memory T (Tcm) cells and effector memory
T (Tem) cells. Tem cells express CCR7 and L-selectin and preferentially traffic to SLOs
whereas Tem cells are devoid of the expression of CCR7 or L-selectin and broadly migrate
between peripheral tissues, the blood, and the spleen, using various chemokine receptors
and adhesion molecules [34,35].

2.4. T Cell Subsets and Chemokine Receptors

Th1 cells and Th2 cells are the originally described subsets of T helper cells [36,37]. Th1l
cells are involved in cellular immunity, produce type 1 cytokines such as IFN-y and TNF-«,
and are important effector cells against intracellular pathogens such as mycobacteria and
viruses, whereas Th2 cells are involved in humoral immunity, produce type 2 cytokines
such as IL-4, IL-5 and IL-13, and are important effector cells against extracellular pathogens
such as conventional bacteria and parasites [36,37]. This dichotomy of effector function
is also accompanied by distinct migratory properties. We and others have originally
demonstrated that Th2 cells express CCR4 whereas Thl cells express CXCR3 [1,38,39].
Consistently, we and others have also shown that the CCR4 ligands CCL17 and CCL22 are
highly expressed in allergic diseases such as atopic dermatitis and bronchial asthma [1].
In particular, we and others have shown that the levels of CCL17 and CCL22 in the blood
are highly elevated in patients with atopic dermatitis and correlate well with disease
severity and treatment response [1,40,41]. Accordingly, CCL17/TARC was approved by
the Japanese Pharmaceutical and Medical Devices Agency (PMDA) as a clinical test reagent
in 2008 and is now regarded as an excellent blood biomarker for disease severity and
therapeutic response in atopic dermatitis [1,42]. On the other hand, the CXCR3 ligands,
MIG/CXCL9, IP-10/CXCL10 and I-Tac/CXCL11, are commonly induced by type 1 and
type 2 interferons (IFNs) in accordance with the roles of CXCR3-expressing cells such as
Th1 cells and effector CD8* T cells in cellular immunity [7]. Currently, it is the consensus
understanding that Th1 cells mainly express CXCR3 and CCRS5, whereas Th2 cells express
CCR4, CCRS, and, to a lesser extent, CCR3 [43] (Table 2).

Since the original description of Th1 and Th2, the diversity of T cell subsets has been
greatly expanded (Table 2). Th17 cells produce IL-17A, IL-17F and IL-22 as signature
cytokines, are important for clearance of extracellular bacterial and fungal infections, and
are also involved in inflammatory and autoimmune diseases [44,45]. Th17 cells have been
shown to express CCR6 and CCR4 [46]. Th22 cells secrete IL-22, TNF-« and IL-13, but not
IL-17 or IFN-y, co-express CCR6, CCR4 and CCR10, and are involved in skin homeostasis
and inflammation [47-49]. Tfh cells are present in the germinal center of SLOs, express
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CXCR5, and also produce its ligand CXCL13, which attracts CXCR5-expressing B cells to
germinal centers. Tth cells promote antibody production, immunoglobulin class switching,
and somatic hypermutation of B cells that have responded to T-dependent antigens [50].
Treg cells are known to play a central role in maintaining immunological tolerance to
self-antigens and in curtailing excessive immune responses deleterious to the host [51].
CD4"CD25*cytotoxic T lymphocyte antigen (CTLA)-4* Treg cells were originally reported
to express CCR4 and CCR8 [52]. It has also been reported that CD4*CD25M8"Foxp3* Treg
cells in human peripheral blood express CCR4 at high levels and the majority of them also
express CCR6 and cutaneous lymphocyte antigen (CLA), the phenotype of skin-homing T
cells [53].

2.5. Tissue Imprinting and Chemokine Receptors

Another important functional differentiation of T cells is determined by tissue-specific
imprinting, which is promoted by tissue-localized DCs and tissue-specific environmental
cues [54]. DCs in the gut imprint T cells to express o437 and CCR9, which enable their entry
into the small intestine in response to MAdCAM-1 and TECK/CCL25, respectively [55-57].
It has been shown that retinoic acid, the vitamin A metabolite, produced by gut DCs induces
the expression of «437 and CCR9 in activated T cells [58]. Similarly, skin-derived DCs
imprint T cells to express CLA and CCR10, which allow their skin homing via cutaneous
P- and E-selectins expressed on skin microvasculature endothelium and CTACK/CCL27
secreted by epidermal keratinocytes, respectively [59,60]. The active form of vitamin Dj
produced by skin DCs has been shown to induce T cells to express CCR10 [61,62]. In mice,
CCR10 has been shown to be preferentially expressed on memory-like skin-resident T
cells but not on most skin-infiltrating effector T cells during inflammation, suggesting that
CCR10-expressing skin-resident T cells are mainly involved in skin homeostasis [63].

The expression of CCR8 is also a characteristic for long-lived memory T cells in
human skin [64]. Epidermal keratinocytes produce skin-specific factors, including 1,25-
dihydroxyvitamin Ds, the vitamin D3 metabolite, and prostaglandin E, (PGEy), to induce
the expression of CCR8 during naive T cell activation [65]. In a mouse study, CCR8-deficient
mice developed severe contact hypersensitivity through expansion of Thl and Th17 cell
populations [66]. Furthermore, skin DCs were shown to migrate readily to the draining
lymph nodes upon antigenic sensitization. Thus, CCR8-expressing T cells may negatively
regulate the migration of DCs from the skin to the draining lymph nodes [66].

In another mouse study, lung DCs were found to imprint T cells for lung homing,
since T cells activated by lung DCs migrated more efficiently into the lungs in homeostasis
and in response to an inhaled antigen compared with T cells activated by DCs from other
organs [67]. Lung DCs were also found to induce CCR4 expression in activated T cells.
Furthermore, lung DC-activated CCR4-deficient T cells failed to traffic into the lungs as
efficiently as lung DC-activated CCR4-sufficient T cells. Thus, lung DCs may imprint T
cells for lung homing in part by inducing CCR4 expression [67].

3. HTLV-1, ATLL and HAM/TSP
3.1. HTLV-1, a Human Oncogenic Retrovirus

Human T-cell leukemia virus type 1 (HTLV-1) was discovered as the first human
retrovirus and shown to be etiologically associated with a highly aggressive mature CD4*
T cell malignancy, adult T-cell leukemia/lymphoma (ATLL) [68,69]. The virus was also
etiologically associated with HTLV-1-associated myelopathy/tropical spastic paralysis
(HAM/TSP), a chronic disease characterized by progressive spasticity, bladder disfunction,
and sensory deficits [70,71]. HTLV-1 is endemic in certain isolated areas of the world
such as Southwest Japan, sub-Saharan Africa, Caribbean islands, Australia, Iran, and
South America [72,73]. The number of people infected with HTLV-1 is estimated to be
5 to 10 million worldwide. Importantly, HTLV-1 is poorly infectious as cell-free virions,
and its transmission from person to person requires a direct cell-to-cell contact between
HTLV-1-infected cells and target cells [74,75]. Thus, live HTLV-1-infected cells need to be
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transferred from a virus carrier to an uninfected person. Accordingly, the main routes of
HTLV-1 infection are mostly familial: vertical transmission from mother to child via breast
feeding and sexual transmission primarily from male to female. The modern third route is
blood transfusion or intravenous drug use [75]. Within the body, the viral transmission
occurs to CD4* T cells and, to a lesser degree, to cells such as CD8" T cells through a cell-
to-cell contact [74,76,77]. However, it has been shown that DCs can be uniquely infected by
cell-free virions and may function as an important viral reservoir in the body [75,78]. The
cell-dependent mode of transmission is certainly the main reason for the genetic stability of
proviral HTLV-1 and its endemicity in certain remote areas of the world where indigenous
peoples carrying HTLV-1 have long maintained isolated communities. This contrasts to
the pandemic infection and genetic instability of human immunodeficiency virus type 1
(HIV-1), another human retrovirus discovered shortly after HTLV-1, which infects people
by cell-free virions [79]. However, it should also be noted that HTLV-1 infection is now
spreading to non-endemic areas through increased mobilization and mixing of people
worldwide [80,81].

HTLV-1 encodes a potent viral transactivator Tax, which promotes viral gene expres-
sion via the long terminal repeat (LTR) and also potently activates signaling pathways
such as nuclear factor NF-kB to induce various cellular genes involved in T cell prolif-
eration and survival, resulting in rapid expansion of infected T cells in the body [82,83].
However, Tax is also highly immunogenic and provides a good target for host CD8* T cell
responses [84]. Accordingly, HTLV-1-infected T cells expressing Tax are efficiently elimi-
nated by Tax-specific cytotoxic T cells, and Tax is almost completely shut down in surviving
HTLV-1-infected T cells by mechanisms such as abortive mutations in the Tax gene or DNA
hypermethylation in the 5 LTR [85]. Nevertheless, the impact of Tax on the expression
of cellular genes is maintained in infected cells even after the shutdown of its expression
through genetic and epigenetic alterations [83,85]. Furthermore, HTLV-1 has another im-
portant transcription factor HTLV-1 bZIP factor (HBZ), which is encoded on the anti-sense
strand [86]. HBZ is not immunogenic, constitutively expressed in HTLV-1-infected T cells,
and has been shown to promote proliferation and survival of HTLV-1-infected T cells [86].
Thus, both Tax and HBZ are now regarded as the major HTLV-1 oncogenes [87].

3.2. ATLL and HAM/TSP

ATLL is a malignancy of mostly CD4* mature T cells that occurs in about 5% of HTLV-
1 carriers mostly infected by breast feeding and after decades of latency [81,88]. There are
four clinical types in ATLL: acute, lymphoma, smoldering, and chronic. The chronic type
is now further subdivided into the favorable and unfavorable types. Acute, lymphoma
and unfavorable chronic types of ATLL are defined as aggressive, whereas smoldering and
favorable chronic types are defined as indolent [89]. For indolent ATLL, an antiretroviral
treatment with azidothymidine (AZT) and IFN-« may be temporarily effective [90]. On the
other hand, aggressive ATLL is highly resistant to the current chemotherapeutic regimen
with an average survival time of less than a year [81,88]. Allogenic hematopoietic stem
cell transplantation (allo-HSCT) is the only curative treatment for aggressive ATLL [91].
One of the advantages of allo-HSCT is the induction of graft-versus-leukemia responses
in the recipient [91,92]. However, it is not feasible for the majority of patients because of
the poor response of ATLL to chemotherapy and of the advanced age of most patients.
Furthermore, because of high morbidity and mortality rates, the success rate of allo-HSCT
is only one-third of recipients [91].

In addition to ATLL, HTLV-1 infection is also etiologically associated with several
autoimmune-like inflammatory diseases, the most important being HAM /TSP, which is a
demyelinating disease involving primarily the spinal cord and develops in about 4% of
HTLV-1 carriers [93,94]. It is characterized by chronic progressive spasticity and weakness,
bladder disfunction, and increasing sensory deficits of the lower extremities [93,94]. In
contrast to ATLL, HAM/TSP tends to develop in HTLV-1 carriers infected in adulthood
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through sexual transmission or contaminated blood [93,94]. Corticosteroids constitute the
current major treatments of HAM/TSP but only with partial effectiveness [94].

4. Expression of CCR4 in ATLL, HAM/TSP, and CTCLs
4.1. Preferential Transmission of HTLV-1 to CCR4-Expressing T Cells

The CCR4 gene is not inducible by Tax [95]. Nevertheless, HTLV-1-infected T cells
mostly express CCR4 [95]. Thus, although HTLV-1 is capable of infecting various types of
cells including CD4" T cells, CD8* T cells, monocytes, and DCs [77], CCR4*CD4* T cells
appear to be the preferential target cells for viral transmission and/or persistency [95]. For
the preferential transmission of HTLV-1 to CCR4*CD4* T cells, the following scenario is
now considered (Figure 2). First, we and others have shown that intercellular adhesion
molecule 1 (ICAM-1) is strongly upregulated in HTLV-1-infected T cells by Tax [96,97].
Second, we and others have also shown that CCL22, one of the CCR4 ligands, is potently
induced in HTLV-1-infected T cells by Tax [76,98]. Accordingly, HTLV-1-infected T cells
express ICAM-1 at high levels and abundantly produce CCL22. Thus, HTLV-1-infected T
cells preferentially attract CCR4-expressing T cells via CCL22. Furthermore, as chemokines
are generally known to activate integrins, CCL22 activates lymphocyte function-associated
antigen 1 (LFA-1), an integrin, expressed on attracted CCR4-expressing T cells to promote
its firm binding to ICAM-1 expressed on HTLV-1-infected T cells. This triggers reorien-
tation of the cytoskeleton and polarization of the microtubule organizing center (MTOC)
towards the cell—cell junction in HTLV-1-infected T cells, leading to the formation of a viro-
logical synapse, “the virus-induced specialized area of cell-cell contact that promotes the
directed transmission of the virus between cells” [76]. The virological synapse thus permits
the efficient transmission of HTLV-1 virions from HTLV-1-infected T cells to uninfected
CCR4*CD4" T cells [76,98]. In addition, CCL22 production by HTLV-1-infected T cells
may also help their survival by attracting Treg cells to generate an immunosuppressive
microenvironment [99].

HTLV-1-infected CCR4-positive
T cells T cells

ccL22
ee% s, CCR4

Virological Synapse

\ /

<jcAM-1<< LFA-1

<JcAM-1 LFA-1

/ \

Figure 2. Preferential transmission of HTLV-1 virions from HTLV-1-infected CD4* T cells to CCR4-
expressing CD4" T cells via the virological synapse. HTLV-1 Tax induces ICAM-1 upregulation and
CCL22 production in HTLV-1-infected T cells. CCL22 attracts CCR4-expressing T cells to HTLV-1-
infected T cells and activates LFA-1. Binding of activated LFA-1 to ICAM-1 induces the formation of
the virological synapse. MTOC, microtubule organizing center.
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4.2. CCR4 Expression in ATLL

Since the chemokine receptors are useful surface makers for various T cell subsets
(Table 2), they should be also useful surface markers for their neoplastic counterparts.
Indeed, we and others have shown that CCR4 is highly expressed in ATLL [95,100]. This
may indicate that ATLL is predominantly derived from CCR4-expressing T cells such as
Th2 cells and Treg cells [95,101,102]. CCR4 expression may also explain the frequent skin
infiltration of ATLL [95,100,103]. Frequent co-expression of CCR10 in ATLL may further
promote skin infiltration [104]. Furthermore, CCR?7 is often highly expressed on ATLL and
positively correlates with the involvement of lymphoid organs [105].

We have also observed that ATLL cells in the blood of patients often express CCR4
at levels much higher than normal CCR4-expressing CD4" T cells and also migrate to-
ward CCL17 and CCL22 much more vigorously than normal CCR4-expressing CD4* T
cells [95,106]. This suggested that some potent transcription factors that were constitutively
active in ATLL and thus likely to be oncogenic were also responsible for the strong expres-
sion of CCR4. We therefore performed CCR4 promoter analysis in ATLL cells and found
that the GATA3 and AP-1 sites in the proximal region of the CCR4 promoter were mostly
responsible for the expression of CCR4 in ATLL cells [107]. The AP-1 family transcription
factors are well known regulators of many biological processes such as proliferation, dif-
ferentiation, survival, and apoptosis [108]. Furthermore, the deregulated expression of
AP-1 transcription factors is implicated in oncogenesis of various lymphomas including
ATLL [109,110]. We therefore focused on the expression of the AP-1 family members in
ATLL [107]. We have shown that Fos-related antigen 2 (Fra-2) is highly expressed in ATLL
and, in association with another AP-1 family member JunD, strongly activates the CCR4
promoter [107] (Figure 3). We have further shown that both Fra-2 and JunD are necessary
for proliferation of ATLL cells and involved in the induction of various growth-related
genes. One of the induced genes is a member of the Sry-related high-mobility group box
family of transcription factors SOX4, which is frequently overexpressed in various malig-
nancies [107]. We have further demonstrated that SOX4 is also involved in the proliferation
of ATLL and induces histone deacetylase 8 (HDACS8) among other target genes [111]. A re-
cent study has also reported strong expression and diagnostic utility of SOX4 in ATLL [112].
It has been further reported that a pan-histone deacetylase inhibitor Vorinostat as well as a
class I selective histone deacetylase inhibitor Romidepsin downregulates CCR4 expression
in ATLL [113]. By using the short-interfering RNA technique, HDAC2 has been shown
to promote CCR4 expression in ATLL [113]. In addition, HBZ, which is constitutively
expressed in ATLL, has also been shown to upregulate CCR4 expression by inducing
GATA3 [114] (Figure 3).

Besides the transcriptional activation of the CCR4 promoter in ATLL by transcription
factors such as Fra-2/JunD and HBZ-induced GATA-3 [107,114], recent studies have further
revealed another striking mechanism for the enhanced expression of CCR4 in ATLL. First,
an extensive transcriptome study found nonsense or frameshift mutations in the CCR4
gene in 14 out of 53 (26%) ATLL samples. Furthermore, these mutations were commonly
gain-of-function mutations, resulting in truncation of the carboxy terminus of CCR4 at
C329, Q330 or Y331. Since the C-terminal intracellular domain of G protein-coupled
receptors is essential for the ligand-induced internalization and desensitization, CCR4
with a truncated C-terminus remains on the cell surface at high levels by resisting ligand-
induced internalization and thus mediates vigorous cell migration toward CCL17 and
CCL22 [115]. Second, a highly integrated molecular study involving whole-genome,
exome, transcriptome and targeted resequencing as well as array-based copy number and
methylation analyses has been conducted in Japan using a total of 426 ATLL cases [116].
This monumental study has also confirmed frequent gain-of-function mutations in the
CCR4 gene (29%). Furthermore, this study has revealed similar gain-of-function mutations
in the CCR7 gene (11%). The latter is consistent with the reported CCR7 expression at high
levels in a fraction of ATLL patients [105]. Other identified gene alterations found in this
study significantly overlap with the HTLV-1 Tax interactome and are highly enriched for
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T cell receptor/NF-«B signaling and other T cell-related pathways [116]. Of note, North
American ATLL patients who are mostly of Caribbean descent are characterized by a
relatively younger age and worse prognosis than ATLL patients in Japan [117]. A targeted
exon sequencing study of North American ATLL patients (1 = 30) has revealed that the
mutation frequency in epigenetic and histone modifying genes is significantly higher and
the mutation frequency in JAK/STAT and T cell/NF-«B pathway genes is significantly
lower compared with Japanese ATLL patients [117]. Thus, North American ATLL has a
distinct genomic landscape with aberrant hypermethylation and inactivation of tumor
suppressor genes playing a dominant role in the pathogenic mechanisms.

[@ CCR4 promoter activation ] [@ CCR4 gain-of-function mutations I
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Figure 3. Multiple mechanisms are involved in the augmented expression of CCR4, CCR7 and
CAMDI in ATLL. CADMI, cell adhesion molecule 1.

Collectively, multiple mechanisms have been found to be involved in the enhanced
expression of CCR4 in ATLL (Figure 3). The expression of CCR4 and that of CCR7 account
for the frequent infiltration of the skin and SLOs in ATLL, respectively (Figure 3). Fur-
thermore, the frequent gain-of-function mutations in CCR4 and CCR7 in ATLL strongly
suggest selective advantages of constitutive expression of CCR4 and CCR7 in ATLL with
respect to cell proliferation and/or survival in the tissue microenvironment [118-120].
Yet another important surface molecule that is overexpressed by ATLL is cell adhesion
molecule 1 (CADM1)/tumor suppressor in lung cancer 1 (TSLC1) [121,122]. CADML1 is not
expressed on normal T cells but is highly expressed on HTLV-1-infected T cells and thus
provides the best single surface marker of HTLV-1-infected T cells [122,123]. Furthermore,
CADM1 expression tends to be higher in carriers in disease progression and in HAM /TSP
patients whose symptoms are worsening [124,125]. CADM1 has been shown to interact
with T-lymphoma invasion and metastasis 1 (Tiam1) via the cytoplasmic domains and
induces the formation of lamellipodia through Rac activation, thus enhancing migration
and tissue infiltration of HTLV-1-infected T cells and ATLL cells [126] (Figure 3).

4.3. Expression of CCR4 in CTCLs

Cutaneous T-cell lymphomas (CTCLs) are a heterogenous group of non-Hodgkin
lymphomas derived from skin-homing T cells. MF and SS are the most common types of
CTCLs [127-129]. MF is a disease of indolent clinical course with slow progression, pro-
ceeding from patches, to more infiltrated plaques, and eventually to tumors. Histologically,
patches and plaques are characterized by bandlike or lichenoid infiltrates of lymphocytes
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in the upper dermis, while the dermal infiltrates become more diffuse in the tumor stage.
Pautrier’s microabscesses are the highly characteristic feature of MF and consist of clusters
of malignant T cells surrounding Langerhans cells in the epidermis [127-129]. On the other
hand, SS is the leukemic form of disease that is characterized by erythroderma, general-
ized lymphadenopathy, and neoplastic T cells in the skin, lymph nodes, and peripheral
blood [127,128]. Recently, CD158/KIR3DL2 has been identified as a useful diagnostic
surface marker of Sézary cells [130].

The skin-homing effector/memory T cells are known to express CLA and CCR4 [1].
Consistently, the malignant T cells of MF/SS are characterized as CLA*CCR4*CD4* T cells,
while skin lesions express high levels of CCL17 and CCL22 [131]. Furthermore, consistent
with the expression of CCR4, malignant CD4* T cells in most cases of MF/SS exhibit a
Th2 phenotype with enhanced production of IL-4 and IL-5 [132]. Malignant T cells of
MEF/SS may also adopt a Treg phenotype with FoxP3 expression and secretion of IL-10 and
TGEF- [133]. The Treg-like functions of tumor cells may explain the increased susceptibility
of MF and SS patients to opportunistic infections [134].

Besides CCR4, malignant T cells from MF may also express CCR6, CCR7 and CCR10 [135].
Furthermore, in the early stages of MF, malignant T cells may express CXCR3 and CXCR4
at high percentages [136,137]. In the advanced stages of MF, on the other hand, malignant
T cells upregulate CCR7, which promotes lymphatic entry of malignant T cells [128,136].
On the other hand, the malignant T cells of SS universally co-express CCR7 and L-selectin
as well as the differentiation marker CD27, a phenotype consistent with central memory T
cells [34,35]. Of note, central memory T cells recirculate between the blood and SLOs, and a
fraction may also migrate to peripheral tissues such as the skin. Thus, the central memory
phenotype of malignant T cells in SS well accounts for the clinical features of SS: leukemic
cells in circulation, generalized lymphadenopathy, and diffuse erythroderma [138]. Fur-
thermore, SS cells produce CXCL13, which is well-detectable in skin lesions and lymph
nodes, and is also present at high concentrations in the blood of SS patients [139]. Since the
addition of CXCL13 to CCL19 or CCL21 enhances cell migration via CCR7, production of
CXCL13 by SS cells may further enhance their lymph node homing [139]. Collectively, it is
now considered that MF is a malignancy of skin resident Tem whereas SS is a malignancy
of Tcm [140].

We have also shown that Fra-2 and JunD are highly expressed in CTCL skin lesions
together with CCR4 [141]. Furthermore, silencing of Fra-2 or JunD in CTCL cell lines led to
the suppression of cell growth and downregulation of CCR4 expression, supporting the
oncogenic and CCR4-inducing roles of Fra-2/JunD in CTCLs as in ATLL [141]. In addition,
the retinoid X-receptor specific retinoid Bexarotene, which is known to be beneficial to
the resolution of cutaneous disease of SS patients, has been shown to induce apoptosis of
malignant T cells in SS and also to reduce CCR4 expression with an associated decrease in
chemotaxis to CCL17 [142].

5. Development and Clinical Application of Mogamulizumab
5.1. Development of Mogamulizumab

The Japanese pharmaceutical company Kyowa Hakko (now Kyowa Hakko Kirin)
has developed a technology termed Potelligent, which involves the glyco-engineering of
a monoclonal antibody to enhance its antibody-dependent cellular cytotoxicity (ADCC).
The original observation was that monoclonal IgG; antibodies with low fucose contents
had more than a 50-fold higher ADCC activity than the high fucose content counterparts
using human peripheral blood mononuclear cells (PBMCs) as effector cells [143]. The
company also generated a mouse monoclonal IgG; anti-CCR4 termed KM2160, which was
shown to be useful for specific staining of cell surface CCR4 [38]. Since the expression of
CCR4 at high levels on malignant T cells provided an attractive therapeutic target for ATLL
and CTCLs [95,131], the company first generated a chimeric and defucosylated anti-CCR4
termed KM2760 from KM2160 and confirmed that KM2760 exhibited a much higher ADCC
against CCR4-expressing T cell lines in vitro and higher antitumor activities in transplanted
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mouse models than the highly fucosylated but otherwise identical KM3060 [144]. These
promising results led the company to generate a fully humanized anti-CCR4 termed KW-
0761. In a preclinical study, KW-0761 showed potent antitumor activity against primary
ATLL cells in vitro and in transplanted mice [145]. It was also confirmed that the antitumor
activity of KW-0761 was mainly mediated by natural killer (NK) cells present in autologous
PBMCs [145].

5.2. Clinical Application of Mogamulizumab in ATLL

A phase 1 dose escalating study in patients with relapsed ATLL and peripheral
T-cell lymphomas (PTCLs) was performed and reported in 2006. KW-0761 was well-
tolerated at all doses (0.01 to 1.0mg/kg) and achieved objected responses in 5 out of 15
evaluable patients irrespective of dose: two complete and three partial responses [146].
The subsequent multicenter phase 2 study for patients with relapsed ATLL was reported
in 2012. KW-0761 was given at a dose of 1.0 mg/kg once a week for 8 weeks. Out of 26
evaluable patients, 13 (50%) had objective responses, including 8 complete responses [147].
The most common adverse events were infusion reactions (89%) and skin rashes (63%),
which were manageable and reversible in all cases [147]. Lymphopenia was also frequently
observed (96%). Upon these favorable results, the Japanese PMDA approved KW-0761
now termed Mogamulizumab in March 2012 for the treatment of patients with replaced
ATLL. Post-marketing studies have confirmed the efficacy and adverse reactions observed
in the phase 2 study [148,149]. Thus, Mogamulizumab is now regarded as the first-line
therapeutic agent for the treatment of relapsed ATLL in Japan. Of note, Mogamulizumab
has also shown a better efficacy in ATLL patients with the C-terminal gain-of-function
mutations of CCR4 [150].

A phase 2 study of Mogamulizumab in patients with relapsed PTCLs and CTCLs was
also conducted in Japan and reported in 2014 with favorable results and an acceptable
toxicity profile [151]. Furthermore, a multicenter randomized phase 2 study was conducted
for newly diagnosed aggressive ATLL to examine the efficacy and safety of the addition
of Mogamulizumab to the current intensified chemotherapy regimen [152]. Although the
combination therapy achieved a slightly higher response rate than the chemotherapy alone,
it also showed a less favorable safety profile [152]. It thus remains to be seen whether Moga-
mulizumab is more beneficial to newly diagnosed ATLL than the current chemotherapy.

5.3. Clinical Application of Mogamulizumab in CTCLs

The clinical studies of Mogamulizumab in CTCLs were conducted in the US. In a
phase 1/2 study, Mogamulizumab efficiently reduced levels of CCR4* malignant T cells
and also CCR4* Tregs in CTCL patients [153]. In another phase 1/2 study, the efficacy of
Mogamulizumab in 41 pretreated CTCL patients was evaluated [154]. No dose-limiting
toxicity was observed and the maximum tolerated dose was not reached in phase 1. In
the phase 2 study, patients were given Mogamulizumab at a dose of 1.0 mg/kg once a
week for 4 weeks followed by infusion every 2 weeks until disease progression. Among
38 evaluable patients, the overall response rate was 36.8%: 47.1% in SS (n = 17) and 28.6%
in MF (n = 21). Eighteen of 19 patients (94.7%) with blood involvement had a response in
the blood, including 11 complete responses [154]. The frequent adverse events of mostly
grade 1/2 were nausea, chills, headache, and infusion-related reaction [154]. In a phase
3 randomized study involving 372 patients, Mogamulizumab demonstrated significant
improvement in progression-free survival (PFS) and overall response rate (ORR) compared
with Vorinostat, a histone deacetylase inhibitor approved for the treatment of CTCLs [155]:
7.6 months vs. 3.1 months in PFS; 28% vs. 5% in ORR [156,157]. Based on these favorable
results, the US Food and Drug Administration (FDA) approved Mogamulizumab in August
2018 for the treatment of adult patients with relapsed or refractory MF or SS after at least
one prior systemic therapy [156,157].
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5.4. Clinical Trial of Mogamulizumab in HAM/TSP

HAM/TSP is a progressive neurodegenerative disease that is characterized by chronic
inflammation in the spinal cord and accompanying myelopathic symptoms [93,94]. HTLV-
l-infected CCR4*CD4" T cells are abundantly present in the cerebrospinal fluids (CSFs)
and spinal cord lesions [158]. Furthermore, HTLV-1-infected CCR4*CD4"* T cells have
been found to be converted into Thl-like cells through Tax-induced expression of Tbet
and thus express CXCR3 and produce IFN-y. The production of IFN-y in turn induces the
production of the CXCR3 ligands such as CXCL9 and CXCL10 in the spinal cord tissue cells
including astrocytes, leading to further infiltration of HTLV-1-infected CCR4*CD4* T cells
co-expressing CXCR3 into the spinal cord through a positive feedback mechanism [158,159].
Thus, it is considered to be therapeutic to reduce HTLV-1-infected T cells in patients with
HAM/TSP.

A phase 1/2a study of Mogamulizumab was conducted involving 21 patients with
glucocorticoid-refractory HAM/TSP in Japan [160]. Mogamulizumab with a maximum
dose of 0.3 mg/kg was well-tolerated and the most frequent side effects of mostly low
grades were skin rash, lymphopenia, and leukopenia. Mogamulizumab promptly reduced
the proviral loads and CCR4*CD4* T cells as well as CADM1*CD4* T cells in the peripheral
blood. The levels of CXCL10 and neopterin in CSF were also reduced. Clinically, a reduction
in spasticity and a decrease in motor disability were noted in 79% and 32% of patients,
respectively. Thus, Mogamulizumab has also shown a therapeutic efficacy in HAM /TSP
and warrants further study [160].

6. Adverse Events by Mogamulizumab

A recent meta-analysis involving 14 eligible clinical trials has assessed the safety and
efficacy of Mogamulizumab alone or in combination with other drugs [161]. A total of
1290 patients with ATLL, PTCLs, CTCLs, and solid tumors were enrolled in these trials.
With regard to the efficacy, approximately 43% of participants reached complete or partial
responses by Mogamulizumab monotherapy. For patients treated with Mogamulizumab
alone, the most common grade >3 adverse events were lymphopenia, neutropenia and
rash. When patients were treated with a combined therapy of Mogamulizumab and other
drugs, the most common grade >3 adverse events were lymphopenia. Since lymphopenia
was observed in all doses of Mogamulizumab and all Mogamulizumab-related therapies,
it is likely to be caused by the pharmacologic effect of Mogamulizumab [161].

As noted above, skin-related adverse events such as erythema multiforme were
also frequently seen in ATLL patients treated with Mogamulizumab [147]. Furthermore,
patients with favorable responses tended to have higher grades of skin rash [162]. Thus,
the skin reactions are now regarded as an indicator of favorable response [162]. The
skin adverse events are usually manageable but may require systemic steroid treatment.
Furthermore, fatal cases of Stevens-Johnson syndrome have been reported [163,164]. The
mechanisms of skin reactions are not entirely clear but likely to be related to autoimmune
skin responses unleased by Mogamulizumab-induced Treg depletion [163,165].

Virtually all peripheral blood CD4*CD25"8"FoxP3* Treg cells with potent regulatory
activity express CCR4 at high levels [53]. In addition, 80% of Tregs express CLA and 73%
express CCR6 [53]. Thus, the majority of Treg cells have the skin-homing capacity. In
mice, the accumulation of Tregs in the skin and lung airways was shown to be impaired
in the absence of CCR4 [166]. Furthermore, mice with a loss of CCR4 in the Treg cell
compartment developed lymphocyte infiltration and severe inflammatory disease in the
skin and lungs [166]. These findings support the notion that Treg cells play a vital role in
the homeostasis of the skin and lungs. Thus, Treg cell depletion by Mogamulizumab may
severely disturb the skin homeostasis. Indeed, immunohistochemical studies demonstrated
depletion of Treg cells and prominent infiltration of CD8* T cells in Mogamulizumab-
induced skin rashes [163,164]. Autoantibodies recognizing keratinocytes and melanocytes
were also demonstrated in the sera of patients suffering from Mogamulizumab-induced
skin rashes [167]. Furthermore, the presence of autoantibodies in the epidermis was
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demonstrated in all biopsy specimens of Mogamulizumab-induced skin rashes but not in
control specimens from ATLL skin lesions [167]. It has also been reported that the depletion
of CCR4" T cells by Mogamulizumab leads to the homeostatic proliferation of CD8* T
cells consisting of predominantly newly emerged clones particularly in patients with skin-
related adverse events. Therefore, some of the newly emerged CD8* T cell clones may be
responsible for the development of autoimmune skin reactions [168]. Mogamulizumab
also induces skin rashes in MF and SS patients, although it may be sometimes difficult to
differentiate drug-induced skin rashes from the original skin disease [169]. Development of
vitiligo, an autoimmune manifestation, was reported in three patients with SS treated with
Mogamulizumab, most probably through the depletion of Treg cells [170]. Collectively, the
clinical application of Mogamulizumab may have revealed the vital importance of Treg
cells in homeostasis of the skin [171].

Other reported severe adverse events associated with Mogamulizumab treatment
include reactivation of hepatitis B virus (HBV) [172-174], occurrence of brain EBV-positive
diffuse large cell B cell lymphoma (EBV* DLBCL) [175,176], and cytomegalovirus (CM)
infections [174,177]. These events are all known to be associated with immunocompromised
hosts. Thus, Mogamulizumab-induced lymphopenia and leukopenia may be responsible
for these adverse events [161].

7. Mogamulizumab and Allo-HSCT

Although Mogamulizumab has been proven to have an impressive therapeutic ef-
ficacy on ATLL and also on CTCLs, it does not provide a cure. The disease eventually
recurs and becomes refractory to Mogamulizumab. This acquired resistance appears to be
mostly due to the selection against CCR4 expression in original malignant clones [178,179].
Thus, allo-HSCT still provides only chances for a cure in patients with aggressive ATLL
and CTCLs [91,180-182]. However, only a small fraction of patients with ATLL can make
it to allo-HSCT because of the highly refractory nature of ATLL to chemotherapy and
the advanced age of most patients. Furthermore, even after allo-HSCT, only one-third
of patients reach the cure condition. Acute graft-vs-host disease (GVHD) is the major
limitation of allo-HSCT and causes significant morbidity and mortality in transplanted
patients [91,180-182]. In GVHD, donor naive CD4" T cells recognize allo-antigens on host
antigen-presenting cells and differentiate into various effector T cells, which infiltrate host
organs by using chemokines and chemokine receptors and initiate alloantigen-reactive
immune responses [183,184]. Given the impressive clinical efficacy of Mogamulizumab in
ATLL patients, often attaining complete remission, it was expected that Mogamulizumab
would increase the chances of ATLL patients being able to undergo allo-HSCT [91]. How-
ever, it was soon discovered that patients pretreated with Mogamulizumab often expe-
rienced severe GVHD. It is now concluded that Mogamulizumab administration in the
pre-transplantation setting promotes the occurrence of severe steroid-resistant GVHD,
which leads to increases in non-relapse mortality and overall mortality [91,185-187]. Simi-
lar results have been reported in CTCL patients pretreated with Mogamulizumab prior
to allo-HSCT [187,188]. Again, the mechanism of severe GVHD is likely to be due to the
depletion of donor-derived Treg cells by residual Mogamulizumab still present in trans-
planted patients. However, cases who were successfully treated by the combination of
Mogamulizumab and allo-HSCT were also reported [189].

8. Immune Checkpoint Inhibitors and Application of Mogamulizumab in Solid Tumors
8.1. Immune Checkpoint Inhibitors

Cancer cells can be recognized by the host immune system through the expression of
cancer antigens such as cancer differentiation antigens, cancer testis antigens, and cancer
neoantigens. In particular, cancer neoantigens are generated as the consequence of genetic
damage accumulated during cancer progression and provide ideal immunological targets
for host CD4" and CD8* T cells [190,191]. Thus, the host immune system can potentially
eliminate autologous tumor cells. However, cancer cells are also known to be modified by
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selection through complex interplays with the host immune system. The process is called
cancer immunoediting, which proceeds through three phases: elimination, equilibrium,
and escape [192,193]. In the escape phase, tumor cells are able to evade host immune
attacks by reducing antigenicity /immunogenicity as well as by generating an immunosup-
pressive tumor microenvironment, mainly through the attraction of immunosuppressive
cell populations such as Treg cells [194,195]. Thus, in cancer immunotherapy; it is of prime
importance to revive hitherto suppressed host immune responses to tumor cells. In this
context, the blockade of immune checkpoint pathways and depletion of tumor-infiltrating
Treg cells may provide highly promising general approaches to enhance host immune
response to cancer.

Immune checkpoints represent a plethora of intrinsic inhibitory pathways of the
immune system, which are crucial for maintaining self-tolerance and minimizing immuno-
logical collateral tissue damage [196-198]. Thus, the inhibitors of immune checkpoints may
unleash the hitherto suppressed host immune responses to autologous tumors. Indeed,
the recent clinical application of immune checkpoint inhibitors such as anti-programmed
cell death protein-1 (PD-1) (Pembrolizumab, Nivolumab) and anti-cytotoxic T-lymphocyte-
associated protein-4 (CTLA4) (Ipilimumab) has been quite successful in certain types of
cancer such as malignant melanoma, non-small cell lung carcinoma, renal cell carcinoma,
and bladder cancer [196-198]. Furthermore, unprecedented durability lasting years is
noted as characteristic of response to the immune checkpoint inhibitors. However, the
immune checkpoint inhibitors have also shown serious drawbacks because of the frequent
induction of immune-related adverse events, especially in the skin, gastrointestinal system,
liver and endocrine system, mostly probably by unleashing subclinical autoimmune re-
sponses to autoantigen [199]. Furthermore, the immune checkpoint inhibitors are effective
only in a minor fraction of patients (10~25%) even in approved types of cancer [196,197].

The therapeutic resistance to immune checkpoint inhibitors can be classified as pri-
mary resistance when patients do not respond at all or secondary resistance (acquired
resistance) when patients have a period of initial response followed by progression of
disease [200]. As for the primary resistance, there are no definitive biomarkers to predict
patient responses to immune checkpoint inhibitors. However, high-level expression of PD-
L1 in tumor cells and high tumor mutation burden (TMB) are possible predictors for patient
response to anti-PD-1/PD-L1 therapy [201-203]. Furthermore, T cell-inflamed “hot tumors”
tend to respond better to the therapy than non-T cell inflamed “cold tumors” [202,204]. As
for the acquired resistance, a number of possible mechanisms are now proposed [198,200].
However, if the poor response is due to the paucity of host immune cells attacking autolo-
gous tumors, it may be overcome by priming host immune cells by suitable cancer vaccines
prior to the treatment with immune checkpoint inhibitors [205,206]. The development
of safe and effective CTL-inducing adjuvants is also important for the successful clinical
application of cancer vaccines [207-209]. Another possible reason for poor responses to
immune checkpoint inhibitors may be the presence of potent suppressor cells such as Treg
cells and myeloid suppressor cells in the tumor microenvironment, which can suppress
the activity of host effector cells to autologous cancer cells even in the presence of immune
checkpoint inhibitors [210-213].

8.2. Immune Checkpoint Inhibitors and ATLL, CTCLs

In the case of ATLL, it was reported that both neoplastic and normal CD4" T cells in the
peripheral blood of patients expressed PD-1 at increased levels compared with CD4* T cells
in the blood of normal healthy controls [214]. In 29 skin biopsy samples, PD-1 expression
in neoplastic cells was found to be from 0% to 90% with the median values of 50% [215].
Furthermore, patients with a high PD-1 expression tended to have a shorter median
survival time than those with a low PD-1 expression (18.2 months vs. 26.0 months) [215].
Primary ATLL cells were also shown to express PD-L1 in a fraction of patients (21.7%).
Immunostaining of PD-L1 in ATLL biopsy samples (1 = 135) has further revealed three
groups of patients: one group (7.4%) had clear PD-L1 expression in ATLL cells; the second
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group (58.5%) showed minimal expression of PD-L1 in ATLL cells but abundant expression
of PD-L1 in stromal cells; the third group (34.1%) did not express PD-L1 in any cells [216].
ATLL cases with PD-L1 expression in tumor cells had inferior overall survival compared
with ATLL cases with null PD-L1 expression or stromal PD-L1 expression with the median
survival time of 7.5, 10.2 and 18.6 months, respectively [216]. A further comprehensive
immunostaining study of ATLL biopsy samples (1 = 69) for immune checkpoint molecules
has shown that expression of PD-1, OX40, galectin-9, and PD-L1 on neoplastic cells is
nearly mutually exclusive, suggesting the use of distinct immune checkpoint pathways
in individual ATLL cases [217]. Moreover, stromal expression of PD-L1, OX40L, and T
cell immunoglobulin mucin-3 (Tim-3) has been shown to be significantly associated with
better overall survival [217]. Of note, the 3'-untranslated region of the PD-L1 gene is
frequently truncated in various human cancer types including ATLL (27%), resulting in
overexpression of PD-L1 through a marked elevation of aberrant PD-L1 transcripts [218].

Taken together, these findings suggest that immune checkpoint pathways including
the PD-1/PD-L1 axis play important roles in immune evasion of ATLL. Accordingly, a
phase 2 trial of Nivolumab (anti-PD-1) was initiated for patients with ATLL in the US.
However, the trial had to be stopped after a single infusion of Nivolumab in three patients,
one with chronic, one with smoldering, and one with acute but stable disease ATLL,
because of rapid progression of the disease in all three patients [219]. It was confirmed
that the expansion of original clones was responsible for the disease progression. Thus,
the trial may have revealed an unexpected tumor-suppressive role of the PD-1/PD-L1
axis in ATLL [220]. Induction of hyperprogressive disease (HPD) by immune checkpoint
inhibitors has also been reported in solid tumors [221]. However, it has been commented
that a similar phase 2 trial of Nivolumab for patients with aggressive ATLL in Japan has
not observed such a clinical course in eight patients so far treated [222]. The reason for such
differences is not clear at present but may be related to the difference in the patient groups:
namely, patients with indolent or stable diseases vs. patients with aggressive diseases. At
any rate, immune checkpoint inhibitors still remain an important possibility to be tested for
ATLL patients. Clinical trials of immune checkpoint inhibitors for patients with CTCLs are
also ongoing [223]. For example, a recent phase 2 trial of Pembrolizumab (anti-PD-1) for 24
patients with advanced MF (1 = 9) or SS (n = 15) has demonstrated an overall response rate
of 38% with two complete responses and seven partial responses [224].

8.3. Effect of Mogamulizumab on Solid Tumors

It has been shown that infiltration of a large number of Tregs in the tumor microenvi-
ronment is associated with poor prognosis [210,225]. It has also been shown that CCR4-
expressing Treg cells are recruited into tumor tissues by CCL22 that is produced in the
tumor microenvironment by tumor cells and tumor-associated macrophages [226-231]. In
preclinical and clinical studies, depletion of Treg cells by anti-CCR4 or CCR4 antagonists
has been shown to augment antitumor immunity [232-238]. The therapeutic efficacy of
Mogamulizumab on ATLL and CTCLs is also considered to be partly due to depletion of
immunosuppressive Treg cells. Indeed, Treg cells in the blood and skin lesions of ATLL pa-
tients were shown to be efficiently depleted by Mogamulizumab treatment [163,165]. Thus,
Mogamulizumab may also be beneficial to patients with solid tumors through the depletion
of immunosuppressive Treg cells [239]. In a phase 1a study involving 10 patients with
CCR4-negative advanced or recurrent solid cancer, Mogamulizumab in a dose range from
0.1 mg/kg to 1.0 mg/kg was well tolerated, and four out of 10 patients showed stable dis-
ease during treatment and long-term survival [234]. Even at 0.1 mg/kg, Mogamulizumab
efficiently depleted Treg cells in PBMCs. Th2 cells and Th17 cells were also significantly
reduced, while Th1 and CD8" T cells were less affected [234]. Thus, it may be reasonable to
expect that a combined treatment with Mogamulizumab and one of the immune checkpoint
inhibitors would synergistically augment therapeutic efficacy. A phase 1 study was thus
conducted for the safety and efficacy of Nivolumab (Anti-PD1) in combination with Moga-
mulizumab in patients with advanced solid tumors: six patients in the dose-escalation study
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and 90 patients in the expansion study with Mogamulizumab at 1.0 mg/kg. The analysis
of twelve paired biopsy samples for tumor-infiltrating T cells revealed reduction of effector
Treg cells and increase of CD8* T cells in most patients. Confirmed objective responses
were observed in patients with several tumor types such as hepatocellular carcinoma (27%)
and non-small cell lung cancer (20%). The most frequent adverse events included rash
(39%) and maculopapular rash (20%). One Stevens-Johnson syndrome and three type 1
diabetes mellitus were observed. The profile of treatment-related adverse events was not
substantially different from that seen with each monotherapy. Thus, the combination of
Nivolumab and Mogamulizumab has provided an acceptable safety profile and antitumor
activity. However, no clear relationships were observed between the depletion of Treg
cells in peripheral blood or tumor tissues and objective tumor responses [240]. Another
phase 1 study was conducted with the combination of Mogamulizumab and Durvalumab
(anti-PD-L1) or Tremelimumab (anti-CTLA4) [241]. Tolerability was acceptable with no
new or unexpected toxicities. Again, Mogamulizumab at 3.0 mg/kg resulted in almost
complete depletion of peripheral blood effector Treg cells and reduction of intra-tumoral
Treg cells in the majority of patients. There was, however, no clear correlation between
clinical responses and reduction of Treg cells. Furthermore, the efficacy of Durvalumab
or Tremelimumab was not appreciably enhanced by the addition of Mogamulizumab in
patients with advanced solid tumors [241]. Thus, trials of Mogamulizumab in solid tumors
have so far failed to provide expected therapeutic effects and warrant further study.

9. Concluding Remarks

The advent of Mogamulizumab has greatly improved the prognosis of ATLL patients.
A recent multicenter prospective observational study involving 101 patients with ATLL
have revealed that the overall response rate, median progression-free survival and overall
survival are 65%, 7.4 months and 16.0 months, respectively, with 44 patients attaining
complete responses [242]. However, there is also a substantial fraction of patients whose
responses to Mogamulizumab are poor. One reason for low response to Mogamulizumab
is obviously the low or negative surface expression of CCR4 on malignant T cells. In one
study, it was reported that CCR4 was positive in 48/52 (92%) of ATL cases [243]. The
fact that the C-terminal truncation of CCR4, which leads to the high constitutive surface
expression of CCR4, correlates with the superior efficacy of Mogamulizumab supports
this notion [150,244]. The efficacy of Mogamulizumab is also dependent on ADCC that is
mostly mediated by NK cells [143,145]. Thus, the levels of NK cell activity in individual
patients, which are often compromised by previous chemotherapies, also determine the
effectiveness of Mogamulizumab. As noted above, patients who have skin rashes after
Mogamulizumab treatment tend to have better therapeutic responses [162]. While skin-
infiltrating ATLL cells may have some intrinsic Treg functions [102,245], it is also likely
that Mogamulizumab-induced Treg depletion is partly responsible for skin rashes. Thus,
the occurrence of skin rashes may prove the presence of strong NK cell activity, which can
attack malignant T cells. In this context, continuous intravenous infusion of recombinant
IL-15 has been shown to impressively expand NK cells and CD8" T cells as well in the
blood and thus may be beneficial to patients who have low NK cell activity prior to
Mogamulizumab treatment [246]. Furthermore, depletion of Treg cells by Mogamulizumab
may also unleash hitherto suppressed host immune responses against ATLL [233,242]. The
same considerations are more or less true for the treatment of CTCLs with Mogamulizumab.

The phase studies of Mogamulizumab alone or in combination with one of the im-
mune checkpoint inhibitors in patients with solid tumors has shown that Mogamulizumab
efficiently reduces effector Treg cells in peripheral blood and the tumor microenviron-
ment [234,240,241]. Again, skin rashes were the most frequent adverse events in patients
treated with Mogamulizumab. However, Mogamulizumab has not synergistically en-
hanced the efficacy of immune checkpoint inhibitors in patients with solid tumors so
far [240,241]. One reason for such a poor effect of Treg depletion by Mogamulizumab may
be related to concomitant depletion of other CCR4-expressing effector T cells such as Th2,
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Th17 and Th22 (Table 2). In particular, Th17 cells may have an important role in anti-tumor
immunity [247,248]. Furthermore, because of the flexibility of T cell differentiation pro-
grams [31,32], substantial fractions of Th1l and CD8* T cells also express CCR4 [249,250].
Indeed, lymphopenia of high grades were commonly observed in patients treated with
Mogamulizumab [146,147,161]. Of note, in the original phase 1 study of Mogamulizumab
for ATLL and PTCL patients, significant clinical responses were observed even at the dose
of 0.01 mg/kg [146]. Thus, it may be possible to fine tune the dose of Mogamulizumab,
which may still effectively deplete Treg cells but mostly spare other CCR4-expressing
immune cell populations in patients with solid tumors. The dose consideration may also
be important for ATLL and CTCLs to reduce adverse events and to improve the outcome
of allo-HSCT with Mogamulizumab pretreatment [91]. The excessive alloantigen-reactive
immune responses after allo-HSCT may also be curtailed by blocking chemokine receptors
such as CXCR3 of donor Th1 and CD8* T cells (Table 2).

Collectively, it is hoped that future studies will further optimize the protocols of
Mogamulizumab treatment for patients with ATLL, CTCLs, HAM/TSP, and solid tumors
to maximize its benefits and minimize its adverse effects.

Funding: Not applicable.
Acknowledgments: I thank Takashi Nakayama for help and William Figoni for English correction.

Conflicts of Interest: The author has no conflict of interest to declare.

References

1. Yoshie, O.; Matsushima, K. CCR4 and its ligands: From bench to bedside. Int. Immunol. 2015, 27, 11-20. [CrossRef]

2. Zlotnik, A.; Yoshie, O. Chemokines: A new classification system and their role in immunity. Immunity 2000, 12, 121-127.
[CrossRef] [PubMed]

3. Zlotnik, A.; Yoshie, O. The chemokine superfamily revisited. Immunity 2012, 36, 705-716. [CrossRef] [PubMed]

4. Nagarsheth, N.; Wicha, M.S.; Zou, W. Chemokines in the cancer microenvironment and their relevance in cancer immunotherapy.
Nat. Rev. Immunol. 2017, 17, 559-572. [CrossRef]

5. Mollica Poeta, V.; Massara, M.; Capucetti, A.; Bonecchi, R. Chemokines and Chemokine Receptors: New Targets for Cancer
Immunotherapy. Front. Immunol. 2019, 10, 379. [CrossRef] [PubMed]

6.  Yoshie, O.; Imai, T.; Nomiyama, H. Chemokines in immunity. Adv. Immunol. 2001, 78, 57-110. [CrossRef] [PubMed]

7. Groom, J.R,; Luster, A.D. CXCRS3 ligands: Redundant, collaborative and antagonistic functions. Immunol. Cell Biol. 2011, 89,
207-215. [CrossRef] [PubMed]

8.  Hauser, M.A,; Legler, D.F. Common and biased signaling pathways of the chemokine receptor CCR?7 elicited by its ligands CCL19
and CCL21 in leukocytes. J. Leukoc. Biol. 2016, 99, 869-882. [CrossRef] [PubMed]

9.  Power, C.A,; Meyer, A.; Nemeth, K.; Bacon, K.B.; Hoogewerf, A.J.; Proudfoot, A.E.; Wells, T.N. Molecular cloning and functional
expression of a novel CC chemokine receptor cDNA from a human basophilic cell line. J. Biol. Chem. 1995, 270, 19495-19500.
[CrossRef] [PubMed]

10. Imai, T.; Baba, M.; Nishimura, M.; Kakizaki, M.; Takagi, S.; Yoshie, O. The T cell-directed CC chemokine TARC is a highly specific
biological ligand for CC chemokine receptor 4. J. Biol. Chem. 1997, 272, 15036—15042. [CrossRef]

11. Imai, T.; Chantry, D.; Raport, C.J.; Wood, C.L.; Nishimura, M.; Godiska, R.; Yoshie, O.; Gray, P.W. Macrophage-derived chemokine
is a functional ligand for the CC chemokine receptor 4. J. Biol. Chem. 1998, 273, 1764-1768. [CrossRef]

12. Imai, T; Yoshida, T.; Baba, M.; Nishimura, M.; Kakizaki, M.; Yoshie, O. Molecular cloning of a novel T cell-directed CC chemokine
expressed in thymus by signal sequence trap using Epstein-Barr virus vector. J. Biol. Chem. 1996, 271, 21514-21521. [CrossRef]
[PubMed]

13. Godiska, R.; Chantry, D.; Raport, C.J.; Sozzani, S.; Allavena, P.; Leviten, D.; Mantovani, A.; Gray, PW. Human macrophage-derived
chemokine (MDC), a novel chemoattractant for monocytes, monocyte-derived dendritic cells, and natural killer cells. |. Exp. Med.
1997, 185, 1595-1604. [CrossRef] [PubMed]

14. Chang, M.; McNinch, J.; Elias, C., 3rd; Manthey, C.L.; Grosshans, D.; Meng, T.; Boone, T.; Andrew, D.P. Molecular cloning and
functional characterization of a novel CC chemokine, stimulated T cell chemotactic protein (STCP-1) that specifically acts on
activated T lymphocytes. J. Biol. Chem. 1997, 272, 25229-25237. [CrossRef] [PubMed]

15. Nomiyama, H.; Imai, T.; Kusuda, J.; Miura, R.; Callen, D.E; Yoshie, O. Assignment of the human CC chemokine gene TARC
(SCYA17) to chromosome 16q13. Genomics 1997, 40, 211-213. [CrossRef]

16. Nomiyama, H.; Imai, T.; Kusuda, ].; Miura, R.; Callen, D.F; Yoshie, O. Human chemokines fractalkine (SCYD1), MDC (SCYA22)

and TARC (SCYA17) are clustered on chromosome 16q13. Cytogenet. Cell Genet. 1998, 81, 10-11. [CrossRef]


http://doi.org/10.1093/intimm/dxu079
http://doi.org/10.1016/s1074-7613(00)80165-x
http://www.ncbi.nlm.nih.gov/pubmed/10714678
http://doi.org/10.1016/j.immuni.2012.05.008
http://www.ncbi.nlm.nih.gov/pubmed/22633458
http://doi.org/10.1038/nri.2017.49
http://doi.org/10.3389/fimmu.2019.00379
http://www.ncbi.nlm.nih.gov/pubmed/30894861
http://doi.org/10.1016/s0065-2776(01)78002-9
http://www.ncbi.nlm.nih.gov/pubmed/11432208
http://doi.org/10.1038/icb.2010.158
http://www.ncbi.nlm.nih.gov/pubmed/21221121
http://doi.org/10.1189/jlb.2MR0815-380R
http://www.ncbi.nlm.nih.gov/pubmed/26729814
http://doi.org/10.1074/jbc.270.33.19495
http://www.ncbi.nlm.nih.gov/pubmed/7642634
http://doi.org/10.1074/jbc.272.23.15036
http://doi.org/10.1074/jbc.273.3.1764
http://doi.org/10.1074/jbc.271.35.21514
http://www.ncbi.nlm.nih.gov/pubmed/8702936
http://doi.org/10.1084/jem.185.9.1595
http://www.ncbi.nlm.nih.gov/pubmed/9151897
http://doi.org/10.1074/jbc.272.40.25229
http://www.ncbi.nlm.nih.gov/pubmed/9312138
http://doi.org/10.1006/geno.1996.4552
http://doi.org/10.1159/000015000

Cancers 2021, 13, 5542 19 of 28

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Youn, B.S.; Kim, S.H.; Lyu, M.S.; Kozak, C.A.; Taub, D.D.; Kwon, B.S. Molecular cloning and characterization of a cDNA,
CHEMRI, encoding a chemokine receptor with a homology to the human C-C chemokine receptor, CCR-4. Blood 1997, 89,
4448-4460. [CrossRef]

Schaniel, C.; Pardali, E.; Sallusto, F.; Speletas, M.; Ruedl, C.; Shimizu, T.; Seidl, T.; Andersson, J.; Melchers, F.; Rolink, A.G.; et al.
Activated murine B lymphocytes and dendritic cells produce a novel CC chemokine which acts selectively on activated T cells. J.
Exp. Med. 1998, 188, 451-463. [CrossRef] [PubMed]

Lieberam, I.; Forster, I. The murine beta-chemokine TARC is expressed by subsets of dendritic cells and attracts primed CD4+ T
cells. Eur. J. Immunol. 1999, 29, 2684-2694. [CrossRef]

Schaniel, C.; Sallusto, F.; Ruedl, C.; Sideras, P.; Melchers, E; Rolink, A.G. Three chemokines with potential functions in T
lymphocyte-independent and -dependent B lymphocyte stimulation. Eur. J. Immunol. 1999, 29, 2934-2947. [CrossRef]

Zlotnik, A.; Yoshie, O.; Nomiyama, H. The chemokine and chemokine receptor superfamilies and their molecular evolution.
Genome Biol. 2006, 7, 243. [CrossRef] [PubMed]

Viney, ] M.; Andrew, D.P; Phillips, R.M.; Meiser, A.; Patel, P.; Lennartz-Walker, M.; Cousins, D.].; Barton, N.P,; Hall, D.A; Pease,
J.E. Distinct conformations of the chemokine receptor CCR4 with implications for its targeting in allergy. J. Immunol. 2014, 192,
3419-3427. [CrossRef] [PubMed]

Mariani, M.; Lang, R.; Binda, E.; Panina-Bordignon, P.; D’Ambrosio, D. Dominance of CCL22 over CCL17 in induction of
chemokine receptor CCR4 desensitization and internalization on human Th2 cells. Eur. J. Immunol. 2004, 34, 231-240. [CrossRef]
[PubMed]

Campbell, ].J.; Haraldsen, G.; Pan, J.; Rottman, J.; Qin, S.; Ponath, P.; Andrew, D.P.; Warnke, R.; Ruffing, N.; Kassam, N.; et al. The
chemokine receptor CCR4 in vascular recognition by cutaneous but not intestinal memory T cells. Nature 1999, 400, 776-780.
[CrossRef] [PubMed]

Proost, P.; Struyf, S.; Schols, D.; Opdenakker, G.; Sozzani, S.; Allavena, P.; Mantovani, A.; Augustyns, K.; Bal, G.; Haemers, A.;
et al. Truncation of macrophage-derived chemokine by CD26/dipeptidyl-peptidase IV beyond its predicted cleavage site affects
chemotactic activity and CC chemokine receptor 4 interaction. J. Biol. Chem. 1999, 274, 3988-3993. [CrossRef] [PubMed]
Campbell, D.J.; Kim, C.H.; Butcher, E.C. Chemokines in the systemic organization of immunity. Immunol. Rev. 2003, 195, 58-71.
[CrossRef]

Ebert, L.M.; Schaerli, P.; Moser, B. Chemokine-mediated control of T cell traffic in lymphoid and peripheral tissues. Mol. Immunol.
2005, 42, 799-809. [CrossRef] [PubMed]

Worbs, T.; Hammerschmidt, S.I.; Forster, R. Dendritic cell migration in health and disease. Nat. Rev. Immunol. 2017, 17, 30—48.
[CrossRef] [PubMed]

Weninger, W.; von Andrian, U.H. Chemokine regulation of naive T cell traffic in health and disease. Semin. Immunol. 2003, 15,
257-270. [CrossRef] [PubMed]

Chiba, K.; Matsuyuki, H.; Maeda, Y.; Sugahara, K. Role of sphingosine 1-phosphate receptor type 1 in lymphocyte egress from
secondary lymphoid tissues and thymus. Cell. Mol. Immunol. 2006, 3, 11-19. [PubMed]

Zhou, L.; Chong, M.M,; Littman, D.R. Plasticity of CD4+ T cell lineage differentiation. Immunity 2009, 30, 646-655. [CrossRef]
Jameson, S.C.; Masopust, D. Understanding Subset Diversity in T Cell Memory. Immunity 2018, 48, 214-226. [CrossRef] [PubMed]
Zhu, J.; Yamane, H.; Paul, W.E. Differentiation of effector CD4 T cell populations. Annu. Rev. Immunol. 2010, 28, 445-489.
[CrossRef] [PubMed]

Sallusto, F,; Lenig, D.; Forster, R.; Lipp, M.; Lanzavecchia, A. Two subsets of memory T lymphocytes with distinct homing
potentials and effector functions. Nature 1999, 401, 708-712. [CrossRef] [PubMed]

Mueller, S.N.; Gebhardt, T.; Carbone, ER.; Heath, W.R. Memory T cell subsets, migration patterns, and tissue residence. Annu.
Rev. Immunol. 2013, 31, 137-161. [CrossRef]

Mosmann, T.R.; Cherwinski, H.; Bond, M.W.; Giedlin, M.A.; Coffman, R.L. Two types of murine helper T cell clone. I. Definition
according to profiles of lymphokine activities and secreted proteins. J. Immunol. 1986, 136, 2348-2357.

Dong, C.; Flavell, R.A. Thl and Th2 cells. Curr. Opin. Hematol. 2001, 8, 47-51. [CrossRef]

Imai, T.; Nagira, M.; Takagi, S.; Kakizaki, M.; Nishimura, M.; Wang, ].; Gray, PW.; Matsushima, K.; Yoshie, O. Selective recruitment
of CCR4-bearing Th2 cells toward antigen-presenting cells by the CC chemokines thymus and activation-regulated chemokine
and macrophage-derived chemokine. Int. Immunol. 1999, 11, 81-88. [CrossRef]

Yamamoto, J.; Adachi, Y.; Onoue, Y.; Adachi, Y.S.; Okabe, Y.; Itazawa, T.; Toyoda, M.; Seki, T.; Morohashi, M.; Matsushima, K;
et al. Differential expression of the chemokine receptors by the Thl- and Th2-type effector populations within circulating CD4+ T
cells. J. Leukoc. Biol. 2000, 68, 568-574.

Horikawa, T.; Nakayama, T.; Hikita, I.; Yamada, H.; Fujisawa, R.; Bito, T.; Harada, S.; Fukunaga, A.; Chantry, D.; Gray,
P.W.; et al. IFN-gamma-inducible expression of thymus and activation-regulated chemokine/CCL17 and macrophage-derived
chemokine/CCL22 in epidermal keratinocytes and their roles in atopic dermatitis. Int. Immunol. 2002, 14, 767-773. [CrossRef]
Fujisawa, T.; Fujisawa, R.; Kato, Y.; Nakayama, T.; Morita, A.; Katsumata, H.; Nishimori, H.; Iguchi, K.; Kamiya, H.;
Gray, PW.,; et al. Presence of high contents of thymus and activation-regulated chemokine in platelets and elevated plasma levels
of thymus and activation-regulated chemokine and macrophage-derived chemokine in patients with atopic dermatitis. J. Allergy
Clin. Immunol. 2002, 110, 139-146. [CrossRef]


http://doi.org/10.1182/blood.V89.12.4448
http://doi.org/10.1084/jem.188.3.451
http://www.ncbi.nlm.nih.gov/pubmed/9687523
http://doi.org/10.1002/(SICI)1521-4141(199909)29:09&lt;2684::AID-IMMU2684&gt;3.0.CO;2-Y
http://doi.org/10.1002/(SICI)1521-4141(199909)29:09&lt;2934::AID-IMMU2934&gt;3.0.CO;2-Q
http://doi.org/10.1186/gb-2006-7-12-243
http://www.ncbi.nlm.nih.gov/pubmed/17201934
http://doi.org/10.4049/jimmunol.1300232
http://www.ncbi.nlm.nih.gov/pubmed/24563252
http://doi.org/10.1002/eji.200324429
http://www.ncbi.nlm.nih.gov/pubmed/14971049
http://doi.org/10.1038/23495
http://www.ncbi.nlm.nih.gov/pubmed/10466728
http://doi.org/10.1074/jbc.274.7.3988
http://www.ncbi.nlm.nih.gov/pubmed/9933589
http://doi.org/10.1034/j.1600-065x.2003.00067.x
http://doi.org/10.1016/j.molimm.2004.06.040
http://www.ncbi.nlm.nih.gov/pubmed/15829268
http://doi.org/10.1038/nri.2016.116
http://www.ncbi.nlm.nih.gov/pubmed/27890914
http://doi.org/10.1016/j.smim.2003.08.007
http://www.ncbi.nlm.nih.gov/pubmed/15001175
http://www.ncbi.nlm.nih.gov/pubmed/16549044
http://doi.org/10.1016/j.immuni.2009.05.001
http://doi.org/10.1016/j.immuni.2018.02.010
http://www.ncbi.nlm.nih.gov/pubmed/29466754
http://doi.org/10.1146/annurev-immunol-030409-101212
http://www.ncbi.nlm.nih.gov/pubmed/20192806
http://doi.org/10.1038/44385
http://www.ncbi.nlm.nih.gov/pubmed/10537110
http://doi.org/10.1146/annurev-immunol-032712-095954
http://doi.org/10.1097/00062752-200101000-00009
http://doi.org/10.1093/intimm/11.1.81
http://doi.org/10.1093/intimm/dxf044
http://doi.org/10.1067/mai.2002.126079

Cancers 2021, 13, 5542 20 of 28

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Kataoka, Y. Thymus and activation-regulated chemokine as a clinical biomarker in atopic dermatitis. J. Dermatol. 2014, 41,
221-229. [CrossRef]

Watanabe, S.; Yamada, Y.; Murakami, H. Expression of Th1/Th2 cell-related chemokine receptors on CD4(+) lymphocytes under
physiological conditions. Int. J. Lab. Hematol. 2020, 42, 68-76. [CrossRef]

Maddur, M.S.; Miossec, P.; Kaveri, S.V.; Bayry, J. Th17 cells: Biology, pathogenesis of autoimmune and inflammatory diseases,
and therapeutic strategies. Am. . Pathol. 2012, 181, 8-18. [CrossRef]

Bedoya, S.K.; Lam, B.; Lau, K; Larkin, J., 3rd. Th17 cells in immunity and autoimmunity. Clin. Dev. Immunol. 2013, 2013, 986789.
[CrossRef] [PubMed]

Acosta-Rodriguez, E.V,; Rivino, L.; Geginat, J.; Jarrossay, D.; Gattorno, M.; Lanzavecchia, A.; Sallusto, F; Napolitani, G. Surface
phenotype and antigenic specificity of human interleukin 17-producing T helper memory cells. Nat. Immunol. 2007, 8, 639-646.
[CrossRef] [PubMed]

Trifari, S.; Kaplan, C.D.; Tran, E.H.; Crellin, N.K.; Spits, H. Identification of a human helper T cell population that has abundant
production of interleukin 22 and is distinct from T(H)-17, T(H)1 and T(H)2 cells. Nat. Immunol. 2009, 10, 864-871. [CrossRef]
[PubMed]

Dubhen, T.; Geiger, R.; Jarrossay, D.; Lanzavecchia, A.; Sallusto, F. Production of interleukin 22 but not interleukin 17 by a subset of
human skin-homing memory T cells. Nat. Immunol. 2009, 10, 857-863. [CrossRef]

Eyerich, S.; Eyerich, K.; Pennino, D.; Carbone, T.; Nasorri, F; Pallotta, S.; Cianfarani, F.; Odorisio, T.; Traidl-Hoffmann, C.;
Behrendt, H.; et al. Th22 cells represent a distinct human T cell subset involved in epidermal immunity and remodeling. J. Clin.
Investig. 2009, 119, 3573-3585. [CrossRef]

Crotty, S. Follicular helper CD4 T cells (TFH). Annu. Rev. Immunol. 2011, 29, 621-663. [CrossRef]

Oberti, S.; Neild, A.; Quach, R.; Dual, J. The use of acoustic radiation forces to position particles within fluid droplets. Ultrasonics
2009, 49, 47-52. [CrossRef] [PubMed]

Iellem, A.; Mariani, M.; Lang, R.; Recalde, H.; Panina-Bordignon, P.; Sinigaglia, F.; D’Ambrosio, D. Unique chemotactic response
profile and specific expression of chemokine receptors CCR4 and CCR8 by CD4(+)CD25(+) regulatory T cells. J. Exp. Med. 2001,
194, 847-853. [CrossRef]

Hirahara, K.; Liu, L.; Clark, R.A.; Yamanaka, K.; Fuhlbrigge, R.C.; Kupper, T.S. The majority of human peripheral blood
CD4+CD25highFoxp3+ regulatory T cells bear functional skin-homing receptors. J. Immunol. 2006, 177, 4488-4494. [CrossRef]
Islam, S.A.; Luster, A.D. T cell homing to epithelial barriers in allergic disease. Nat. Med. 2012, 18, 705-715. [CrossRef]

Stagg, A.J.; Kamm, M.A.; Knight, S.C. Intestinal dendritic cells increase T cell expression of alpha4beta? integrin. Eur. J. Immunol.
2002, 32, 1445-1454. [CrossRef]

Johansson-Lindbom, B.; Svensson, M.; Wurbel, M.A.; Malissen, B.; Marquez, G.; Agace, W. Selective generation of gut tropic
T cells in gut-associated lymphoid tissue (GALT): Requirement for GALT dendritic cells and adjuvant. J. Exp. Med. 2003, 198,
963-969. [CrossRef]

Mora, J.R.;; Bono, M.R.; Manjunath, N.; Weninger, W.; Cavanagh, L.L.; Rosemblatt, M.; Von Andrian, U.H. Selective imprinting of
gut-homing T cells by Peyer’s patch dendritic cells. Nature 2003, 424, 88-93. [CrossRef]

Iwata, M.; Hirakiyama, A.; Eshima, Y.; Kagechika, H.; Kato, C.; Song, S.Y. Retinoic acid imprints gut-homing specificity on T cells.
Immunity 2004, 21, 527-538. [CrossRef]

Campbell, D.J.; Butcher, E.C. Rapid acquisition of tissue-specific homing phenotypes by CD4(+) T cells activated in cutaneous or
mucosal lymphoid tissues. J. Exp. Med. 2002, 195, 135-141. [CrossRef] [PubMed]

Dudda, J.C.; Simon, J.C.; Martin, S. Dendritic cell immunization route determines CD8+ T cell trafficking to inflamed skin:
Role for tissue microenvironment and dendritic cells in establishment of T cell-homing subsets. J. Immunol. 2004, 172, 857-863.
[CrossRef]

Sigmundsdottir, H.; Pan, J.; Debes, G.F.; Alt, C.; Habtezion, A.; Soler, D.; Butcher, E.C. DCs metabolize sunlight-induced vitamin
D3 to ‘program’ T cell attraction to the epidermal chemokine CCL27. Nat. Immunol. 2007, 8, 285-293. [CrossRef]

Shirakawa, A.K.; Nagakubo, D.; Hieshima, K.; Nakayama, T.; Jin, Z.; Yoshie, O. 1,25-dihydroxyvitamin D3 induces CCR10
expression in terminally differentiating human B cells. J. Immunol. 2008, 180, 2786-2795. [CrossRef]

Xia, M.; Hu, S.; Fu, Y.; Jin, W.; Yi, Q.; Matsui, Y.; Yang, J.; McDowell, M.A.; Sarkar, S.; Kalia, V.; et al. CCR10 regulates balanced
maintenance and function of resident regulatory and effector T cells to promote immune homeostasis in the skin. J. Allergy Clin.
Immunol. 2014, 134, 634-644.€610. [CrossRef] [PubMed]

McCully, M.L.; Ladell, K.; Andrews, R.; Jones, R.E.; Miners, K.L.; Roger, L.; Baird, D.M.; Cameron, M.].; Jessop, Z.M.; Whitaker,
LS.; et al. CCR8 Expression Defines Tissue-Resident Memory T Cells in Human Skin. J. Immunol. 2018, 200, 1639-1650. [CrossRef]
McCully, M.L.; Collins, PJ.; Hughes, T.R.; Thomas, C.P; Billen, J.; O'Donnell, V.B.; Moser, B. Skin Metabolites Define a New
Paradigm in the Localization of Skin Tropic Memory T Cells. . Immunol. 2015, 195, 96-104. [CrossRef] [PubMed]

Yabe, R.; Shimizu, K.; Shimizu, S.; Azechi, S.; Choi, B.I.; Sudo, K.; Kubo, S.; Nakae, S.; Ishigame, H.; Kakuta, S.; et al. CCR8
regulates contact hypersensitivity by restricting cutaneous dendritic cell migration to the draining lymph nodes. Int. Immunol.
2015, 27, 169-181. [CrossRef] [PubMed]

Mikhak, Z.; Strassner, ].P; Luster, A.D. Lung dendritic cells imprint T cell lung homing and promote lung immunity through the
chemokine receptor CCR4. J. Exp. Med. 2013, 210, 1855-1869. [CrossRef]


http://doi.org/10.1111/1346-8138.12440
http://doi.org/10.1111/ijlh.13141
http://doi.org/10.1016/j.ajpath.2012.03.044
http://doi.org/10.1155/2013/986789
http://www.ncbi.nlm.nih.gov/pubmed/24454481
http://doi.org/10.1038/ni1467
http://www.ncbi.nlm.nih.gov/pubmed/17486092
http://doi.org/10.1038/ni.1770
http://www.ncbi.nlm.nih.gov/pubmed/19578368
http://doi.org/10.1038/ni.1767
http://doi.org/10.1172/JCI40202
http://doi.org/10.1146/annurev-immunol-031210-101400
http://doi.org/10.1016/j.ultras.2008.05.002
http://www.ncbi.nlm.nih.gov/pubmed/18590923
http://doi.org/10.1084/jem.194.6.847
http://doi.org/10.4049/jimmunol.177.7.4488
http://doi.org/10.1038/nm.2760
http://doi.org/10.1002/1521-4141(200205)32:5&lt;1445::AID-IMMU1445&gt;3.0.CO;2-E
http://doi.org/10.1084/jem.20031244
http://doi.org/10.1038/nature01726
http://doi.org/10.1016/j.immuni.2004.08.011
http://doi.org/10.1084/jem.20011502
http://www.ncbi.nlm.nih.gov/pubmed/11781372
http://doi.org/10.4049/jimmunol.172.2.857
http://doi.org/10.1038/ni1433
http://doi.org/10.4049/jimmunol.180.5.2786
http://doi.org/10.1016/j.jaci.2014.03.010
http://www.ncbi.nlm.nih.gov/pubmed/24767879
http://doi.org/10.4049/jimmunol.1701377
http://doi.org/10.4049/jimmunol.1402961
http://www.ncbi.nlm.nih.gov/pubmed/26002980
http://doi.org/10.1093/intimm/dxu098
http://www.ncbi.nlm.nih.gov/pubmed/25344933
http://doi.org/10.1084/jem.20130091

Cancers 2021, 13, 5542 21 of 28

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Poiesz, B.].; Ruscetti, EW.; Gazdar, A.F,; Bunn, P.A.; Minna, J.D.; Gallo, R.C. Detection and isolation of type C retrovirus particles
from fresh and cultured lymphocytes of a patient with cutaneous T-cell lymphoma. Proc. Natl. Acad. Sci. USA 1980, 77, 7415-7419.
[CrossRef]

Hinuma, Y.; Nagata, K.; Hanaoka, M.; Nakai, M.; Matsumoto, T.; Kinoshita, K.I.; Shirakawa, S.; Miyoshi, I. Adult T-cell leukemia:
Antigen in an ATL cell line and detection of antibodies to the antigen in human sera. Proc. Natl. Acad. Sci. USA 1981, 78,
6476-6480. [CrossRef]

Gessain, A.; Barin, F.; Vernant, ].C.; Gout, O.; Maurs, L.; Calender, A.; de The, G. Antibodies to human T-lymphotropic virus
type-I in patients with tropical spastic paraparesis. Lancet 1985, 2, 407—410. [CrossRef]

Osame, M.; Usuku, K.; Izumo, S.; Jjichi, N.; Amitani, H.; Igata, A.; Matsumoto, M.; Tara, M. HTLV-I associated myelopathy, a new
clinical entity. Lancet 1986, 1, 1031-1032. [CrossRef]

Afonso, P.V.; Cassar, O.; Gessain, A. Molecular epidemiology, genetic variability and evolution of HTLV-1 with special emphasis
on African genotypes. Retrovirology 2019, 16, 39. [CrossRef]

Iwanaga, M. Epidemiology of HTLV-1 Infection and ATL in Japan: An Update. Front. Microbiol. 2020, 11, 1124. [CrossRef]
[PubMed]

Nejmeddine, M.; Negi, V.S.; Mukherjee, S.; Tanaka, Y.; Orth, K.; Taylor, G.P; Bangham, C.R. HTLV-1-Tax and ICAM-1 act on T-cell
signal pathways to polarize the microtubule-organizing center at the virological synapse. Blood 2009, 114, 1016-1025. [CrossRef]
[PubMed]

Gross, C.; Thoma-Kress, A.K. Molecular Mechanisms of HTLV-1 Cell-to-Cell Transmission. Viruses 2016, 8, 74. [CrossRef]
Nejmeddine, M.; Bangham, C.R. The HTLV-1 Virological Synapse. Viruses 2010, 2, 1427-1447. [CrossRef]

Furuta, R.; Yasunaga, J.I.; Miura, M.; Sugata, K.; Saito, A.; Akari, H.; Ueno, T.; Takenouchi, N.; Fujisawa, J.I.; Koh, K.R.; et al.
Human T-cell leukemia virus type 1 infects multiple lineage hematopoietic cells in vivo. PLoS Pathog. 2017, 13, e1006722.
[CrossRef]

Jones, K.S.; Petrow-Sadowski, C.; Huang, Y.K; Bertolette, D.C.; Ruscetti, EW. Cell-free HTLV-1 infects dendritic cells leading to
transmission and transformation of CD4(+) T cells. Nat. Med. 2008, 14, 429-436. [CrossRef]

Thomson, M.M.; Najera, R. Molecular epidemiology of HIV-1 variants in the global AIDS pandemic: An update. AIDS Rev. 2005,
7,210-224.

Satake, M.; Yamaguchi, K.; Tadokoro, K. Current prevalence of HTLV-1 in Japan as determined by screening of blood donors. .
Med. Virol. 2012, 84, 327-335. [CrossRef] [PubMed]

Phillips, A.A.; Harewood, ].C.K. Adult T Cell Leukemia-Lymphoma (ATL): State of the Art. Curr. Hematol. Malig. Rep. 2018, 13,
300-307. [CrossRef] [PubMed]

Currer, R.; Van Duyne, R.; Jaworski, E.; Guendel, L; Sampey, G.; Das, R.; Narayanan, A.; Kashanchi, F. HTLV tax: A fascinating
multifunctional co-regulator of viral and cellular pathways. Front. Microbiol. 2012, 3, 406. [CrossRef]

Mohanty, S.; Harhaj, E.W. Mechanisms of Oncogenesis by HTLV-1 Tax. Pathogens 2020, 9, 543. [CrossRef] [PubMed]

Kannagi, M.; Shida, H.; Igarashi, H.; Kuruma, K.; Murai, H.; Aono, Y.; Maruyama, I.; Osame, M.; Hattori, T.; Inoko, H.; et al. Target
epitope in the Tax protein of human T-cell leukemia virus type I recognized by class I major histocompatibility complex-restricted
cytotoxic T cells. . Virol. 1992, 66, 2928-2933. [CrossRef] [PubMed]

Kogure, Y.; Kataoka, K. Genetic alterations in adult T-cell leukemia/lymphoma. Cancer Sci. 2017, 108, 1719-1725. [CrossRef]
Ma, G.; Yasunaga, J.; Matsuoka, M. Multifaceted functions and roles of HBZ in HTLV-1 pathogenesis. Retrovirology 2016, 13, 16.
[CrossRef]

Giam, C.Z.; Semmes, O.]. HTLV-1 Infection and Adult T-Cell Leukemia/Lymphoma-A Tale of Two Proteins: Tax and HBZ. Viruses
2016, 8, 161. [CrossRef]

Mehta-Shah, N.; Ratner, L.; Horwitz, S.M. Adult T-Cell Leukemia/Lymphoma. J. Oncol. Pract. 2017, 13, 487—492. [CrossRef]
Ishitsuka, K. Diagnosis and management of adult T-cell leukemia/lymphoma. Semin. Hematol. 2021, 58, 114-122. [CrossRef]
Utsunomiya, A.; Choi, I.; Chihara, D.; Seto, M. Recent advances in the treatment of adult T-cell leukemia-lymphomas. Cancer Sci.
2015, 106, 344-351. [CrossRef]

Utsunomiya, A. Progress in Allogeneic Hematopoietic Cell Transplantation in Adult T-Cell Leukemia-Lymphoma. Front. Microbiol.
2019, 10, 2235. [CrossRef]

Kanda, J.; Hishizawa, M.; Utsunomiya, A.; Taniguchi, S.; Eto, T.; Moriuchi, Y.; Tanosaki, R.; Kawano, F; Miyazaki, Y,;
Masuda, M.; et al. Impact of graft-versus-host disease on outcomes after allogeneic hematopoietic cell transplantation for adult
T-cell leukemia: A retrospective cohort study. Blood 2012, 119, 2141-2148. [CrossRef]

Bangham, C.R.; Araujo, A.; Yamano, Y.; Taylor, G.P. HTLV-1-associated myelopathy/tropical spastic paraparesis. Nat. Rev. Dis.
Primers 2015, 1, 15012. [CrossRef]

Yamauchi, J.; Araya, N.; Yagishita, N.; Sato, T.; Yamano, Y. An update on human T-cell leukemia virus type I (HTLV-1)-associated
myelopathy/tropical spastic paraparesis (HAM/TSP) focusing on clinical and laboratory biomarkers. Pharmacol. Ther. 2021, 218,
107669. [CrossRef] [PubMed]

Yoshie, O.; Fujisawa, R.; Nakayama, T.; Harasawa, H.; Tago, H.; Izawa, D.; Hieshima, K.; Tatsumi, Y.; Matsushima, K;
Hasegawa, H.; et al. Frequent expression of CCR4 in adult T-cell leukemia and human T-cell leukemia virus type 1-transformed
T cells. Blood 2002, 99, 1505-1511. [CrossRef]


http://doi.org/10.1073/pnas.77.12.7415
http://doi.org/10.1073/pnas.78.10.6476
http://doi.org/10.1016/S0140-6736(85)92734-5
http://doi.org/10.1016/S0140-6736(86)91298-5
http://doi.org/10.1186/s12977-019-0504-z
http://doi.org/10.3389/fmicb.2020.01124
http://www.ncbi.nlm.nih.gov/pubmed/32547527
http://doi.org/10.1182/blood-2008-03-136770
http://www.ncbi.nlm.nih.gov/pubmed/19494354
http://doi.org/10.3390/v8030074
http://doi.org/10.3390/v2071427
http://doi.org/10.1371/journal.ppat.1006722
http://doi.org/10.1038/nm1745
http://doi.org/10.1002/jmv.23181
http://www.ncbi.nlm.nih.gov/pubmed/22170555
http://doi.org/10.1007/s11899-018-0458-6
http://www.ncbi.nlm.nih.gov/pubmed/30047026
http://doi.org/10.3389/fmicb.2012.00406
http://doi.org/10.3390/pathogens9070543
http://www.ncbi.nlm.nih.gov/pubmed/32645846
http://doi.org/10.1128/JVI.66.5.2928-2933.1992
http://www.ncbi.nlm.nih.gov/pubmed/1373197
http://doi.org/10.1111/cas.13303
http://doi.org/10.1186/s12977-016-0249-x
http://doi.org/10.3390/v8060161
http://doi.org/10.1200/JOP.2017.021907
http://doi.org/10.1053/j.seminhematol.2021.02.005
http://doi.org/10.1111/cas.12617
http://doi.org/10.3389/fmicb.2019.02235
http://doi.org/10.1182/blood-2011-07-368233
http://doi.org/10.1038/nrdp.2015.12
http://doi.org/10.1016/j.pharmthera.2020.107669
http://www.ncbi.nlm.nih.gov/pubmed/32835825
http://doi.org/10.1182/blood.V99.5.1505

Cancers 2021, 13, 5542 22 of 28

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Tanaka, Y.; Hayashi, M.; Takagi, S.; Yoshie, O. Differential transactivation of the intercellular adhesion molecule 1 gene promoter
by Tax1 and Tax2 of human T-cell leukemia viruses. J. Virol. 1996, 70, 8508-8517. [CrossRef] [PubMed]

Owen, S.M.; Rudolph, D.L.; Dezzutti, C.S.; Shibata, N.; Naik, S.; Caughman, S.W.; Lal, R.B. Transcriptional activation of
the intercellular adhesion molecule 1 (CD54) gene by human T lymphotropic virus types I and II Tax is mediated through a
palindromic response element. AIDS Res. Hum. Retrovir. 1997, 13, 1429-1437. [CrossRef]

Hieshima, K.; Nagakubo, D.; Nakayama, T.; Shirakawa, A.K,; Jin, Z.; Yoshie, O. Tax-inducible production of CC chemokine
ligand 22 by human T cell leukemia virus type 1 (HTLV-1)-infected T cells promotes preferential transmission of HTLV-1 to
CCR4-expressing CD4+ T cells. J. Immunol. 2008, 180, 931-939. [CrossRef]

Toulza, F.; Nosaka, K.; Tanaka, Y.; Schioppa, T.; Balkwill, F,; Taylor, G.P.; Bangham, C.R. Human T-lymphotropic virus type
1-induced CC chemokine ligand 22 maintains a high frequency of functional FoxP3+ regulatory T cells. J. Immunol. 2010, 185,
183-189. [CrossRef] [PubMed]

Ishida, T.; Utsunomiya, A.; lida, S.; Inagaki, H.; Takatsuka, Y.; Kusumoto, S.; Takeuchi, G.; Shimizu, S.; Ito, M.; Komatsu, H.; et al.
Clinical significance of CCR4 expression in adult T-cell leukemia/lymphoma: Its close association with skin involvement and
unfavorable outcome. Clin. Cancer Res. 2003, 9, 3625-3634.

Karube, K.; Ohshima, K.; Tsuchiya, T.; Yamaguchi, T.; Kawano, R.; Suzumiya, J.; Utsunomiya, A.; Harada, M.; Kikuchi, M.
Expression of FoxP3, a key molecule in CD4CD25 regulatory T cells, in adult T-cell leukaemia/lymphoma cells. Br. . Haematol.
2004, 126, 81-84. [CrossRef]

Kohno, T.; Yamada, Y.; Akamatsu, N.; Kamihira, S.; Imaizumi, Y.; Tomonaga, M.; Matsuyama, T. Possible origin of adult T-cell
leukemia/lymphoma cells from human T lymphotropic virus type-1-infected regulatory T cells. Cancer Sci. 2005, 96, 527-533.
[CrossRef] [PubMed]

Tokura, Y.; Sawada, Y.; Shimauchi, T. Skin manifestations of adult T-cell leukemia/lymphoma: Clinical, cytological and
immunological features. J. Dermatol. 2014, 41, 19-25. [CrossRef]

Harasawa, H.; Yamada, Y.; Hieshima, K.; Jin, Z.; Nakayama, T.; Yoshie, O.; Shimizu, K.; Hasegawa, H.; Hayashi, T,
Imaizumi, Y.; et al. Survey of chemokine receptor expression reveals frequent co-expression of skin-homing CCR4 and CCR10 in
adult T-cell leukemia/lymphoma. Leuk. Lymphoma 2006, 47, 2163-2173. [CrossRef]

Hasegawa, H.; Nomura, T.; Kohno, M.; Tateishi, N.; Suzuki, Y.; Maeda, N.; Fujisawa, R.; Yoshie, O.; Fujita, S. Increased chemokine
receptor CCR7/EBI1 expression enhances the infiltration of lymphoid organs by adult T-cell leukemia cells. Blood 2000, 95, 30-38.
[CrossRef] [PubMed]

Nagakubo, D.; Jin, Z.; Hieshima, K.; Nakayama, T.; Shirakawa, A.K.; Tanaka, Y.; Hasegawa, H.; Hayashi, T.; Tsukasaki, K;
Yamada, Y.; et al. Expression of CCR9 in HTLV-1+ T cells and ATL cells expressing Tax. Int. |. Cancer 2007, 120, 1591-1597.
[CrossRef] [PubMed]

Nakayama, T.; Hieshima, K.; Arao, T.; Jin, Z.; Nagakubo, D.; Shirakawa, A.K.; Yamada, Y.; Fujii, M.; Oiso, N.; Kawada, A; et al.
Aberrant expression of Fra-2 promotes CCR4 expression and cell proliferation in adult T-cell leukemia. Oncogene 2008, 27,
3221-3232. [CrossRef]

Furr, B.J. Anti-oestrogens in the treatment of breast and gynaecological cancers. Baillieres Clin. Obstet. Gynaecol. 1988, 2, 567-580.
[CrossRef]

Gazon, H.; Barbeau, B.; Mesnard, ].M.; Peloponese, ]. M., Jr. Hijacking of the AP-1 Signaling Pathway during Development of
ATL. Front. Microbiol. 2017, 8, 2686. [CrossRef]

Garces de Los Fayos Alonso, I.; Liang, H.C.; Turner, S.D.; Lagger, S.; Merkel, O.; Kenner, L. The Role of Activator Protein-1 (AP-1)
Family Members in CD30-Positive Lymphomas. Cancers 2018, 10, 93. [CrossRef]

Higuchi, T.; Nakayama, T.; Arao, T.; Nishio, K.; Yoshie, O. SOX4 is a direct target gene of FRA-2 and induces expression of
HDACS in adult T-cell leukemia/lymphoma. Blood 2013, 121, 3640-3649. [CrossRef]

Nasu, A.; Gion, Y.; Nishimura, Y.; Nishikori, A.; Sakamoto, M.; Egusa, Y.; Fyjita, A.; Yoshino, T.; Sato, Y. Diagnostic Utility of
SOX4 Expression in Adult T-Cell Leukemia/Lymphoma. Diagnostics 2021, 11, 766. [CrossRef]

Kitadate, A.; Ikeda, S.; Abe, F.; Takahashi, N.; Shimizu, N.; Matsue, K.; Tagawa, H. Histone deacetylase inhibitors downregulate
CCR4 expression and decrease mogamulizumab efficacy in CCR4-positive mature T-cell lymphomas. Haematologica 2018, 103,
126-135. [CrossRef]

Sugata, K.; Yasunaga, J.; Kinosada, H.; Mitobe, Y.; Furuta, R.; Mahgoub, M.; Onishi, C.; Nakashima, K.; Ohshima, K.; Matsuoka,
M. HTLV-1 Viral Factor HBZ Induces CCR4 to Promote T-cell Migration and Proliferation. Cancer Res. 2016, 76, 5068-5079.
[CrossRef]

Nakagawa, M.; Schmitz, R.; Xiao, W.; Goldman, C.K,; Xu, W,; Yang, Y.; Yu, X.; Waldmann, T.A ; Staudt, L.M. Gain-of-function
CCR4 mutations in adult T cell leukemia/lymphoma. J. Exp. Med. 2014, 211, 2497-2505. [CrossRef]

Kataoka, K.; Nagata, Y.; Kitanaka, A.; Shiraishi, Y.; Shimamura, T.; Yasunaga, J.; Totoki, Y.; Chiba, K.; Sato-Otsubo, A.;
Nagae, G.; et al. Integrated molecular analysis of adult T cell leukemia/lymphoma. Nat. Genet. 2015, 47, 1304-1315. [CrossRef]
[PubMed]

Shah, U.A.; Chung, E.Y,; Giricz, O.; Pradhan, K.; Kataoka, K.; Gordon-Mitchell, S.; Bhagat, T.D.; Mai, Y.; Wei, Y.; Ishida, E.; et al.
North American ATLL has a distinct mutational and transcriptional profile and responds to epigenetic therapies. Blood 2018, 132,
1507-1518. [CrossRef] [PubMed]


http://doi.org/10.1128/JVI.70.12.8508-8517.1996
http://www.ncbi.nlm.nih.gov/pubmed/8970974
http://doi.org/10.1089/aid.1997.13.1429
http://doi.org/10.4049/jimmunol.180.2.931
http://doi.org/10.4049/jimmunol.0903846
http://www.ncbi.nlm.nih.gov/pubmed/20525891
http://doi.org/10.1111/j.1365-2141.2004.04999.x
http://doi.org/10.1111/j.1349-7006.2005.00080.x
http://www.ncbi.nlm.nih.gov/pubmed/16108835
http://doi.org/10.1111/1346-8138.12328
http://doi.org/10.1080/10428190600775599
http://doi.org/10.1182/blood.V95.1.30.001k09_30_38
http://www.ncbi.nlm.nih.gov/pubmed/10607681
http://doi.org/10.1002/ijc.22483
http://www.ncbi.nlm.nih.gov/pubmed/17205512
http://doi.org/10.1038/sj.onc.1210984
http://doi.org/10.1016/s0950-3552(88)80044-0
http://doi.org/10.3389/fmicb.2017.02686
http://doi.org/10.3390/cancers10040093
http://doi.org/10.1182/blood-2012-07-441022
http://doi.org/10.3390/diagnostics11050766
http://doi.org/10.3324/haematol.2017.177279
http://doi.org/10.1158/0008-5472.CAN-16-0361
http://doi.org/10.1084/jem.20140987
http://doi.org/10.1038/ng.3415
http://www.ncbi.nlm.nih.gov/pubmed/26437031
http://doi.org/10.1182/blood-2018-01-824607
http://www.ncbi.nlm.nih.gov/pubmed/30104217

Cancers 2021, 13, 5542 23 of 28

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Youn, B.S; Yu, K.Y;; Oh, J; Lee, ].; Lee, T.H.; Broxmeyer, H.E. Role of the CC chemokine receptor 9/TECK interaction in apoptosis.
Apoptosis 2002, 7, 271-276. [CrossRef] [PubMed]

Louahed, J.; Struyf, S.; Demoulin, J.B.; Parmentier, M.; Van Snick, ].; Van Damme, J.; Renauld, J.C. CCR8-dependent activation
of the RAS/MAPK pathway mediates anti-apoptotic activity of I-309/CCL1 and vMIP-I. Eur. ]. Immunol. 2003, 33, 494-501.
[CrossRef]

White, G.E.; Tan, T.C.; John, A.E.; Whatling, C.; McPheat, W.L.; Greaves, D.R. Fractalkine has anti-apoptotic and proliferative
effects on human vascular smooth muscle cells via epidermal growth factor receptor signalling. Cardiovasc. Res. 2010, 85, 825-835.
[CrossRef] [PubMed]

Sasaki, H.; Nishikata, I.; Shiraga, T.; Akamatsu, E.; Fukami, T.; Hidaka, T.; Kubuki, Y.; Okayama, A.; Hamada, K.; Okabe, H.; et al.
Overexpression of a cell adhesion molecule, TSLC1, as a possible molecular marker for acute-type adult T-cell leukemia. Blood
2005, 105, 1204-1213. [CrossRef]

Nakahata, S.; Morishita, K. CADM1/TSLC1 is a novel cell surface marker for adult T-cell leukemia/lymphoma. J. Clin. Exp.
Hematopathol. 2012, 52, 17-22. [CrossRef] [PubMed]

Manivannan, K.; Rowan, A.G.; Tanaka, Y.; Taylor, G.P; Bangham, C.R. CADM1/TSLC1 Identifies HTLV-1-Infected Cells and
Determines Their Susceptibility to CTL-Mediated Lysis. PLoS Pathog. 2016, 12, e1005560. [CrossRef]

Takenouchi, N.; Tanaka, M.; Sato, T.; Yao, J.; Fujisawa, J.I; Izumo, S.; Kubota, R.; Matsuura, E. Expression of TSLC1 in patients
with HAM/TSP. J. Neurovirol. 2020, 26, 404-414. [CrossRef]

Makiyama, J.; Kobayashi, S.; Watanabe, E.; Ishigaki, T.; Kawamata, T.; Nakashima, M.; Yamagishi, M.; Nakano, K.; Tojo, A.;
Watanabe, T.; et al. CD4(+) CADM1(+) cell percentage predicts disease progression in HTLV-1 carriers and indolent adult T-cell
leukemia/lymphoma. Cancer Sci. 2019, 110, 3746-3753. [CrossRef] [PubMed]

Masuda, M.; Maruyama, T.; Ohta, T.; Ito, A.; Hayashi, T.; Tsukasaki, K.; Kamihira, S.; Yamaoka, S.; Hoshino, H.; Yoshida, T.; et al.
CADMLI interacts with Tiam1 and promotes invasive phenotype of human T-cell leukemia virus type I-transformed cells and
adult T-cell leukemia cells. J. Biol. Chem. 2010, 285, 15511-15522. [CrossRef]

Willemze, R.; Jaffe, E.S.; Burg, G.; Cerroni, L.; Berti, E.; Swerdlow, S.H.; Ralfkiaer, E.; Chimenti, S.; Diaz-Perez, J.L.;
Duncan, L.M.; et al. WHO-EORTC classification for cutaneous lymphomas. Blood 2005, 105, 3768-3785. [CrossRef] [PubMed]
Kim, E.J.; Hess, S.; Richardson, S.K.; Newton, S.; Showe, L.C.; Benoit, B.M.; Ubriani, R.; Vittorio, C.C.; Junkins-Hopkins, ] M.;
Wysocka, M.; et al. Immunopathogenesis and therapy of cutaneous T cell lymphoma. ]. Clin. Investig. 2005, 115, 798-812.
[CrossRef]

Cerroni, L. Mycosis fungoides-clinical and histopathologic features, differential diagnosis, and treatment. Semin. Cutan. Med.
Surg. 2018, 37, 2-10. [CrossRef]

Moins-Teisserenc, H.; Daubord, M.; Clave, E.; Douay, C.; Felix, J.; Marie-Cardine, A.; Ram-Wolff, C.; Maki, G.; Beldjord, K;
Homyrda, L.; et al. CD158k is a reliable marker for diagnosis of Sezary syndrome and reveals an unprecedented heterogeneity of
circulating malignant cells. . Investig. Dermatol. 2015, 135, 247-257. [CrossRef]

Ferenczi, K.; Fuhlbrigge, R.C.; Pinkus, J.; Pinkus, G.S.; Kupper, T.S. Increased CCR4 expression in cutaneous T cell lymphoma. J.
Investig. Dermatol. 2002, 119, 1405-1410. [CrossRef] [PubMed]

Vowels, B.R.; Lessin, S.R.; Cassin, M.; Jaworsky, C.; Benoit, B.; Wolfe, J.T.; Rook, A.H. Th2 cytokine mRNA expression in skin in
cutaneous T-cell lymphoma. J. Investig. Dermatol. 1994, 103, 669-673. [CrossRef]

Berger, C.L.; Tigelaar, R.; Cohen, ]J.; Mariwalla, K.; Trinh, J.; Wang, N.; Edelson, R.L. Cutaneous T-cell lymphoma: Malignant
proliferation of T-regulatory cells. Blood 2005, 105, 1640-1647. [CrossRef]

Krejsgaard, T.; Odum, N.; Geisler, C.; Wasik, M.A.; Woetmann, A. Regulatory T cells and immunodeficiency in mycosis fungoides
and Sezary syndrome. Leukemia 2012, 26, 424-432. [CrossRef]

Hashikawa, K.; Yasumoto, S.; Nakashima, K.; Arakawa, F; Kiyasu, J.; Kimura, Y.; Saruta, H.; Nakama, T.; Yasuda, K,;
Tashiro, K.; et al. Microarray analysis of gene expression by microdissected epidermis and dermis in mycosis fungoides and adult
T-cell leukemia/lymphoma. Int. J. Oncol. 2014, 45, 1200-1208. [CrossRef]

Lu, D.; Duvic, M.; Medeiros, L.].; Luthra, R.; Dorfman, D.M.; Jones, D. The T-cell chemokine receptor CXCR3 is expressed highly
in low-grade mycosis fungoides. Am. J. Clin. Pathol. 2001, 115, 413—421. [CrossRef] [PubMed]

Daggett, RN.; Kurata, M.; Abe, S.; Onishi, I.; Miura, K.; Sawada, Y.; Tanizawa, T.; Kitagawa, M. Expression dynamics of CXCL12
and CXCR4 during the progression of mycosis fungoides. Br. ]. Dermatol. 2014, 171, 722-731. [CrossRef]

Jokai, H.; Marschalko, M.; Csomor, J.; Szakonyi, J.; Kontar, O.; Barna, G.; Karpati, S.; Hollo, P. Tissue-specific homing of immune
cells in malignant skin tumors. Pathol. Oncol. Res. 2012, 18, 749-759. [CrossRef] [PubMed]

Picchio, M.C.; Scala, E.; Pomponi, D.; Caprini, E.; Frontani, M.; Angelucci, I.; Mangoni, A.; Lazzeri, C.; Perez, M.; Remotti, D.; et al.
CXCL13 is highly produced by Sezary cells and enhances their migratory ability via a synergistic mechanism involving CCL19
and CCL21 chemokines. Cancer Res. 2008, 68, 7137-7146. [CrossRef]

Campbell, J.J.; Clark, R.A.; Watanabe, R.; Kupper, T.S. Sezary syndrome and mycosis fungoides arise from distinct T-cell subsets:
A biologic rationale for their distinct clinical behaviors. Blood 2010, 116, 767-771. [CrossRef]

Nakayama, T.; Higuchi, T.; Oiso, N.; Kawada, A.; Yoshie, O. Expression and function of FRA2/JUND in cutaneous T-cell
lymphomas. Anticancer Res. 2012, 32, 1367-1373. [PubMed]


http://doi.org/10.1023/A:1015320321511
http://www.ncbi.nlm.nih.gov/pubmed/11997671
http://doi.org/10.1002/immu.200310025
http://doi.org/10.1093/cvr/cvp341
http://www.ncbi.nlm.nih.gov/pubmed/19840952
http://doi.org/10.1182/blood-2004-03-1222
http://doi.org/10.3960/jslrt.52.17
http://www.ncbi.nlm.nih.gov/pubmed/22706526
http://doi.org/10.1371/journal.ppat.1005560
http://doi.org/10.1007/s13365-020-00838-z
http://doi.org/10.1111/cas.14219
http://www.ncbi.nlm.nih.gov/pubmed/31642546
http://doi.org/10.1074/jbc.M109.076653
http://doi.org/10.1182/blood-2004-09-3502
http://www.ncbi.nlm.nih.gov/pubmed/15692063
http://doi.org/10.1172/JCI24826
http://doi.org/10.12788/j.sder.2018.002
http://doi.org/10.1038/jid.2014.356
http://doi.org/10.1046/j.1523-1747.2002.19610.x
http://www.ncbi.nlm.nih.gov/pubmed/12485447
http://doi.org/10.1111/1523-1747.ep12398454
http://doi.org/10.1182/blood-2004-06-2181
http://doi.org/10.1038/leu.2011.237
http://doi.org/10.3892/ijo.2014.2524
http://doi.org/10.1309/3N7P-J84L-JQ9K-G89R
http://www.ncbi.nlm.nih.gov/pubmed/11242798
http://doi.org/10.1111/bjd.13054
http://doi.org/10.1007/s12253-012-9529-5
http://www.ncbi.nlm.nih.gov/pubmed/22528565
http://doi.org/10.1158/0008-5472.CAN-08-0602
http://doi.org/10.1182/blood-2009-11-251926
http://www.ncbi.nlm.nih.gov/pubmed/22493372

Cancers 2021, 13, 5542 24 of 28

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Richardson, S.K.; Newton, S.B.; Bach, T.L.; Budgin, ].B.; Benoit, B.M.; Lin, ].H.; Yoon, ].S.; Wysocka, M.; Abrams, C.S.; Rook, A.H.
Bexarotene blunts malignant T-cell chemotaxis in Sezary syndrome: Reduction of chemokine receptor 4-positive lymphocytes
and decreased chemotaxis to thymus and activation-regulated chemokine. Am. J. Hematol. 2007, 82, 792-797. [CrossRef]
Shinkawa, T.; Nakamura, K.; Yamane, N.; Shoji-Hosaka, E.; Kanda, Y.; Sakurada, M.; Uchida, K.; Anazawa, H.; Satoh, M.;
Yamasaki, M.; et al. The absence of fucose but not the presence of galactose or bisecting N-acetylglucosamine of human IgG1
complex-type oligosaccharides shows the critical role of enhancing antibody-dependent cellular cytotoxicity. J. Biol. Chem. 2003,
278, 3466-3473. [CrossRef] [PubMed]

Niwa, R.; Shoji-Hosaka, E.; Sakurada, M.; Shinkawa, T.; Uchida, K.; Nakamura, K.; Matsushima, K.; Ueda, R.; Hanai, N.; Shitara,
K. Defucosylated chimeric anti-CC chemokine receptor 4 IgG1 with enhanced antibody-dependent cellular cytotoxicity shows
potent therapeutic activity to T-cell leukemia and lymphoma. Cancer Res. 2004, 64, 2127-2133. [CrossRef]

Ishii, T.; Ishida, T.; Utsunomiya, A.; Inagaki, A.; Yano, H.; Komatsu, H.; lida, S.; Imada, K.; Uchiyama, T.; Akinaga, S.; et al.
Defucosylated humanized anti-CCR4 monoclonal antibody KW-0761 as a novel immunotherapeutic agent for adult T-cell
leukemia/lymphoma. Clin. Cancer Res. 2010, 16, 1520-1531. [CrossRef] [PubMed]

Yamamoto, K.; Utsunomiya, A.; Tobinai, K.; Tsukasaki, K.; Uike, N.; Uozumi, K.; Yamaguchi, K.; Yamada, Y.; Hanada, S.; Tamura,
K.; et al. Phase I study of KW-0761, a defucosylated humanized anti-CCR4 antibody, in relapsed patients with adult T-cell
leukemia-lymphoma and peripheral T-cell lymphoma. J. Clin. Oncol. 2010, 28, 1591-1598. [CrossRef]

Ishida, T.; Joh, T.; Uike, N.; Yamamoto, K.; Utsunomiya, A.; Yoshida, S.; Saburi, Y.; Miyamoto, T.; Takemoto, S.; Suzushima, H.;
et al. Defucosylated anti-CCR4 monoclonal antibody (KW-0761) for relapsed adult T-cell leukemia-lymphoma: A multicenter
phase II study. J. Clin. Oncol. 2012, 30, 837-842. [CrossRef] [PubMed]

Ishitsuka, K.; Yurimoto, S.; Kawamura, K.; Tsuji, Y.; Iwabuchi, M.; Takahashi, T.; Tobinai, K. Safety and efficacy of mogamulizumab
in patients with adult T-cell leukemia-lymphoma in Japan: Interim results of postmarketing all-case surveillance. Int. ]. Hematol.
2017, 106, 522-532. [CrossRef]

Satake, A.; Konishi, A.; Azuma, Y.; Tsubokura, Y.; Yoshimura, H.; Hotta, M.; Nakanishi, T.; Fujita, S.; Nakaya, A.; Ito, T.; et al.
Clinical efficacy of mogamulizumab for relapsed/refractory aggressive adult T-cell leukemia/lymphoma: A retrospective
analysis. Eur. |. Haematol. 2020, 105, 704-711. [CrossRef]

Fujii, K.; Sakamoto, Y.; Masaki, A.; Murase, T.; Tashiro, Y.; Yonekura, K.; Utsunomiya, A.; Ito, A.; Kusumoto, S.; Iida, S.; et al.
Immunohistochemistry for CCR4 C-terminus predicts CCR4 mutations and mogamulizumab efficacy in adult T-cell
leukemia/lymphoma. J. Pathol. Clin. Res. 2021, 7, 52-60. [CrossRef]

Ogura, M.; Ishida, T.; Hatake, K.; Taniwaki, M.; Ando, K.; Tobinai, K.; Fujimoto, K.; Yamamoto, K.; Miyamoto, T.; Uike, N.; et al.
Multicenter phase II study of mogamulizumab (KW-0761), a defucosylated anti-cc chemokine receptor 4 antibody, in patients
with relapsed peripheral T-cell lymphoma and cutaneous T-cell lymphoma. J. Clin. Oncol. 2014, 32, 1157-1163. [CrossRef]
Ishida, T.; Jo, T.; Takemoto, S.; Suzushima, H.; Uozumi, K.; Yamamoto, K.; Uike, N.; Saburi, Y.; Nosaka, K.; Utsunomiya, A.; et al.
Dose-intensified chemotherapy alone or in combination with mogamulizumab in newly diagnosed aggressive adult T-cell
leukaemia-lymphoma: A randomized phase II study. Br. J. Haematol. 2015, 169, 672-682. [CrossRef] [PubMed]

Ni, X.; Jorgensen, J.L.; Goswami, M.; Challagundla, P.; Decker, W.K,; Kim, Y.H.; Duvic, M.A. Reduction of regulatory T cells
by Mogamulizumab, a defucosylated anti-CC chemokine receptor 4 antibody, in patients with aggressive/refractory mycosis
fungoides and Sezary syndrome. Clin. Cancer Res. 2015, 21, 274-285. [CrossRef]

Duvic, M; Pinter-Brown, L.C.; Foss, EM.; Sokol, L.; Jorgensen, J.L.; Challagundla, P.; Dwyer, K.M.; Zhang, X.; Kurman, M.R.;
Ballerini, R.; et al. Phase 1/2 study of mogamulizumab, a defucosylated anti-CCR4 antibody, in previously treated patients with
cutaneous T-cell lymphoma. Blood 2015, 125, 1883-1889. [CrossRef] [PubMed]

Mann, B.S.; Johnson, J.R.; Cohen, M.H.; Justice, R.; Pazdur, R. FDA approval summary: Vorinostat for treatment of advanced
primary cutaneous T-cell lymphoma. Oncologist 2007, 12, 1247-1252. [CrossRef]

Kasamon, Y.L.; Chen, H.; de Claro, R.A.; Nie, L.; Ye, J.; Blumenthal, G.M.; Farrell, A.T.; Pazdur, R. FDA Approval Summary:
Mogamulizumab-kpkc for Mycosis Fungoides and Sezary Syndrome. Clin. Cancer Res. 2019, 25, 7275-7280. [CrossRef]
Blackmon, A.L.; Pinter-Brown, L. Spotlight on Mogamulizumab-Kpkc for Use in Adults with Relapsed or Refractory Mycosis
Fungoides or Sezary Syndrome: Efficacy, Safety, and Patient Selection. Drug Des. Dev. Ther. 2020, 14, 3747-3754. [CrossRef]
[PubMed]

Araya, N.; Sato, T.; Ando, H.; Tomaru, U.; Yoshida, M.; Coler-Reilly, A.; Yagishita, N.; Yamauchi, J.; Hasegawa, A
Kannagi, M.; et al. HTLV-1 induces a Th1-like state in CD4+CCR4+ T cells. |. Clin. Investig. 2014, 124, 3431-3442. [CrossRef]
Yamano, Y.; Coler-Reilly, A. HTLV-1 induces a Thl-like state in CD4(+)CCR4(+) T cells that produces an inflammatory positive
feedback loop via astrocytes in HAM/TSP. J. Neuroimmunol. 2017, 304, 51-55. [CrossRef]

Sato, T.; Coler-Reilly, A.L.G.; Yagishita, N.; Araya, N.; Inoue, E.; Furuta, R.; Watanabe, T.; Uchimaru, K.; Matsuoka, M.; Matsumoto,
N.; et al. Mogamulizumab (Anti-CCR4) in HTLV-1-Associated Myelopathy. N. Engl. ]. Med. 2018, 378, 529-538. [CrossRef]
Zhang, T,; Sun, J; Li, J.; Zhao, Y.; Zhang, T.; Yang, R.; Ma, X. Safety and efficacy profile of mogamulizumab (Poteligeo) in the
treatment of cancers: An update evidence from 14 studies. BMC Cancer 2021, 21, 618. [CrossRef]

Yonekura, K.; Kanzaki, T.; Gunshin, K.; Kawakami, N.; Takatsuka, Y.; Nakano, N.; Tokunaga, M.; Kubota, A.; Takeuchi, S.;
Kanekura, T.; et al. Effect of anti-CCR4 monoclonal antibody (mogamulizumab) on adult T-cell leukemia-lymphoma: Cutaneous
adverse reactions may predict the prognosis. J. Dermatol. 2014, 41, 239-244. [CrossRef]


http://doi.org/10.1002/ajh.20952
http://doi.org/10.1074/jbc.M210665200
http://www.ncbi.nlm.nih.gov/pubmed/12427744
http://doi.org/10.1158/0008-5472.can-03-2068
http://doi.org/10.1158/1078-0432.CCR-09-2697
http://www.ncbi.nlm.nih.gov/pubmed/20160057
http://doi.org/10.1200/JCO.2009.25.3575
http://doi.org/10.1200/JCO.2011.37.3472
http://www.ncbi.nlm.nih.gov/pubmed/22312108
http://doi.org/10.1007/s12185-017-2270-9
http://doi.org/10.1111/ejh.13474
http://doi.org/10.1002/cjp2.180
http://doi.org/10.1200/JCO.2013.52.0924
http://doi.org/10.1111/bjh.13338
http://www.ncbi.nlm.nih.gov/pubmed/25733162
http://doi.org/10.1158/1078-0432.CCR-14-0830
http://doi.org/10.1182/blood-2014-09-600924
http://www.ncbi.nlm.nih.gov/pubmed/25605368
http://doi.org/10.1634/theoncologist.12-10-1247
http://doi.org/10.1158/1078-0432.CCR-19-2030
http://doi.org/10.2147/DDDT.S185896
http://www.ncbi.nlm.nih.gov/pubmed/32982179
http://doi.org/10.1172/JCI75250
http://doi.org/10.1016/j.jneuroim.2016.08.012
http://doi.org/10.1056/NEJMoa1704827
http://doi.org/10.1186/s12885-021-08363-w
http://doi.org/10.1111/1346-8138.12419

Cancers 2021, 13, 5542 25 of 28

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.
184.

Ishida, T.; Ito, A.; Sato, F; Kusumoto, S.; lida, S.; Inagaki, H.; Morita, A.; Akinaga, S.; Ueda, R. Stevens-Johnson Syndrome
associated with mogamulizumab treatment of adult T-cell leukemia/lymphoma. Cancer Sci. 2013, 104, 647-650. [CrossRef]
[PubMed]

Honda, T.; Hishizawa, M.; Kataoka, T.R.; Ohmori, K.; Takaori-Kondo, A.; Miyachi, Y.; Kabashima, K. Stevens-Johnson Syndrome
Associated with Mogamulizumab-induced Deficiency of Regulatory T cells in an Adult T-cell Leukaemia Patient. Acta Derm.
Venereol. 2015, 95, 606-607. [CrossRef]

Issa, F.; Hester, J.; Milward, K.; Wood, K.J. Homing of regulatory T cells to human skin is important for the prevention of
alloimmune-mediated pathology in an in vivo cellular therapy model. PLoS ONE 2012, 7, e53331. [CrossRef]

Sather, B.D.; Treuting, P.; Perdue, N.; Miazgowicz, M.; Fontenot, ].D.; Rudensky, A.Y.; Campbell, D.]. Altering the distribution of
Foxp3(+) regulatory T cells results in tissue-specific inflammatory disease. J. Exp. Med. 2007, 204, 1335-1347. [CrossRef]
Suzuki, Y.; Saito, M.; Ishii, T.; Urakawa, I.; Matsumoto, A.; Masaki, A.; Ito, A.; Kusumoto, S.; Suzuki, S.; Hiura, M.; et al.
Mogamulizumab Treatment Elicits Autoantibodies Attacking the Skin in Patients with Adult T-Cell Leukemia-Lymphoma. Clin.
Cancer Res. 2019, 25, 4388-4399. [CrossRef]

Saito, M.; Ishii, T.; Urakawa, 1.; Matsumoto, A.; Masaki, A.; Ito, A.; Kusumoto, S.; Suzuki, S.; Takahashi, T.; Morita, A.; et al.
Robust CD8+ T-cell proliferation and diversification after mogamulizumab in patients with adult T-cell leukemia-lymphoma.
Blood Adv. 2020, 4, 2180-2191. [CrossRef] [PubMed]

Hirotsu, K.E.; Neal, T.M.; Khodadoust, M.S.; Wang, J.Y.; Rieger, K.E.; Strelo, J.; Hong, E.; Kim, Y.H.; Kwong, B.Y. Clinical
Characterization of Mogamulizumab-Associated Rash During Treatment of Mycosis Fungoides or Sezary Syndrome. JAMA
Dermatol. 2021, 157, 700-707. [CrossRef] [PubMed]

Algarni, A.S.; Ram-Wolff, C.; Bagot, M.; De Masson, A. Mogamulizumab-induced vitiligo in patients with Sezary syndrome:
Three cases. Eur. J. Dermatol. 2021, 31, 213-216. [CrossRef]

Ali, N.; Rosenblum, M.D. Regulatory T cells in skin. Immunology 2017, 152, 372-381. [CrossRef] [PubMed]

Nakano, N.; Kusumoto, S.; Tanaka, Y.; Ishida, T.; Takeuchi, S.; Takatsuka, Y.; Akinaga, S.; Mizokami, M.; Ueda, R.; Utsunomiya, A.
Reactivation of hepatitis B virus in a patient with adult T-cell leukemia-lymphoma receiving the anti-CC chemokine receptor 4
antibody mogamulizumab. Hepatol. Res. 2014, 44, 354-357. [CrossRef] [PubMed]

Ifuku, H.; Kusumoto, S.; Tanaka, Y.; Totani, H.; Ishida, T.; Okada, M.; Murakami, S.; Mizokami, M.; Ueda, R.; Ilida, S. Fatal
reactivation of hepatitis B virus infection in a patient with adult T-cell leukemia-lymphoma receiving the anti-CC chemokine
receptor 4 antibody mogamulizumab. Hepatol. Res. 2015, 45, 1363-1367. [CrossRef]

Wang, S.; Jayarangaiah, A.; Malone, M.; Elrafei, T.; Steinberg, L.; Kumar, A. Risk of hepatitis B reactivation and cytomegalovirus
related infections with Mogamulizumab: A retrospective study of international pharmacovigilance database. EClinicalMedicine
2020, 28, 100601. [CrossRef] [PubMed]

Tanaka, H.; Aoki, H.; Sugita, Y.; Shimizu, R.; Kiko, K.; Mochida, H.; Suzuki, Y. Development of Epstein-Barr Virus-related Primary
Diffuse Large B-cell Lymphoma of the Central Nervous System in a Patient with Peripheral T-cell Lymphoma, Not Otherwise
Specified after Mogamulizumab Treatment. Intern. Med. 2017, 56, 2759-2763. [CrossRef]

Kamachi, K.; Shindo, T.; Miyahara, M.; Kitaura, K.; Akashi, M.; Shin, L.T.; Suzuki, R.; Oshima, K.; Kimura, S. Epstein-Barr virus-
related diffuse large B-cell lymphoma in mogamulizumab-treated adult T-cell leukemia with incomplete T-cell reconstitution. Int.
J. Hematol. 2019, 109, 221-227. [CrossRef]

Ishii, Y.; Itabashi, M.; Numata, A.; Yamamoto, W.; Motohashi, K.; Hagihara, M.; Matsumoto, K.; Fujisawa, S. Cytomegalovirus
Pneumonia after Anti-CC-chemokine Receptor 4 Monoclonal Antibody (Mogamulizumab) Therapy in an Angioimmunoblastic
T-cell Lymphoma Patient. Intern. Med. 2016, 55, 673-675. [CrossRef] [PubMed]

Taguchi, M.; Imaizumi, Y.; Sasaki, D.; Higuchi, T.; Tsuruda, K.; Hasegawa, H.; Taguchi, J.; Sawayama, Y.; Imanishi, D.; Hata, T.;
et al. Molecular analysis of loss of CCR4 expression during mogamulizumab monotherapy in an adult T cell leukemia/lymphoma
patient. Ann. Hematol. 2015, 94, 693—-695. [CrossRef] [PubMed]

Ohno, N.; Kobayashi, S.; Ishigaki, T.; Yuji, K.; Kobayashi, M.; Sato, K.; Watanabe, N.; Tojo, A.; Uchimaru, K. Loss of CCR4 antigen
expression after mogamulizumab therapy in a case of adult T-cell leukaemia-lymphoma. Br. |. Haematol. 2013, 163, 683—685.
[CrossRef]

Molina, A.; Zain, ].; Arber, D.A.; Angelopolou, M.; O’Donnell, M.; Murata-Collins, J.; Forman, S.J.; Nademanee, A. Durable
clinical, cytogenetic, and molecular remissions after allogeneic hematopoietic cell transplantation for refractory Sezary syndrome
and mycosis fungoides. J. Clin. Oncol. 2005, 23, 6163-6171. [CrossRef]

Singh, A K.; McGuirk, J.P. Allogeneic Stem Cell Transplantation: A Historical and Scientific Overview. Cancer Res. 2016, 76,
6445-6451. [CrossRef] [PubMed]

Blazar, B.R; Hill, G.R.; Murphy, W.J. Dissecting the biology of allogeneic HSCT to enhance the GvT effect whilst minimizing
GvHD. Nat. Rev. Clin. Oncol. 2020, 17, 475-492. [CrossRef] [PubMed]

Ferrara, ].L.; Reddy, P. Pathophysiology of graft-versus-host disease. Semin. Hematol. 2006, 43, 3-10. [CrossRef] [PubMed]
Kittan, N.A.; Hildebrandt, G.C. The chemokine system: A possible therapeutic target in acute graft versus host disease. Curr. Top.
Microbiol. Immunol. 2010, 341, 97-120. [CrossRef]


http://doi.org/10.1111/cas.12116
http://www.ncbi.nlm.nih.gov/pubmed/23360455
http://doi.org/10.2340/00015555-2027
http://doi.org/10.1371/journal.pone.0053331
http://doi.org/10.1084/jem.20070081
http://doi.org/10.1158/1078-0432.CCR-18-2575
http://doi.org/10.1182/bloodadvances.2020001641
http://www.ncbi.nlm.nih.gov/pubmed/32433748
http://doi.org/10.1001/jamadermatol.2021.0877
http://www.ncbi.nlm.nih.gov/pubmed/33881447
http://doi.org/10.1684/ejd.2021.4002
http://doi.org/10.1111/imm.12791
http://www.ncbi.nlm.nih.gov/pubmed/28699278
http://doi.org/10.1111/hepr.12117
http://www.ncbi.nlm.nih.gov/pubmed/23601025
http://doi.org/10.1111/hepr.12513
http://doi.org/10.1016/j.eclinm.2020.100601
http://www.ncbi.nlm.nih.gov/pubmed/33294815
http://doi.org/10.2169/internalmedicine.8781-16
http://doi.org/10.1007/s12185-018-2552-x
http://doi.org/10.2169/internalmedicine.55.5644
http://www.ncbi.nlm.nih.gov/pubmed/26984089
http://doi.org/10.1007/s00277-014-2239-1
http://www.ncbi.nlm.nih.gov/pubmed/25338968
http://doi.org/10.1111/bjh.12555
http://doi.org/10.1200/JCO.2005.02.774
http://doi.org/10.1158/0008-5472.CAN-16-1311
http://www.ncbi.nlm.nih.gov/pubmed/27784742
http://doi.org/10.1038/s41571-020-0356-4
http://www.ncbi.nlm.nih.gov/pubmed/32313224
http://doi.org/10.1053/j.seminhematol.2005.09.001
http://www.ncbi.nlm.nih.gov/pubmed/16412784
http://doi.org/10.1007/82_2010_23

Cancers 2021, 13, 5542 26 of 28

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.
197.

198.

199.

200.
201.

202.

203.

204.

205.
206.
207.
208.

209.

210.

211.

212.

Fuji, S.; Inoue, Y.; Utsunomiya, A.; Moriuchi, Y.; Uchimaru, K.; Choi, I.; Otsuka, E.; Henzan, H.; Kato, K.; Tomoyose, T.; et al.
Pretransplantation Anti-CCR4 Antibody Mogamulizumab Against Adult T-Cell Leukemia/Lymphoma Is Associated With
Significantly Increased Risks of Severe and Corticosteroid-Refractory Graft-Versus-Host Disease, Nonrelapse Mortality, and
Overall Mortality. J. Clin. Oncol. 2016, 34, 3426-3433. [CrossRef]

Fuji, S.; Shindo, T. Friend or foe? Mogamulizumab in allogeneic hematopoietic stem cell transplantation for adult T-cell
leukemia/lymphoma. Stem Cell Investig. 2016, 3, 70. [CrossRef]

Moore, D.C.; Elmes, ].B.; Shibu, P.A.; Larck, C.; Park, S.I. Mogamulizumab: An Anti-CC Chemokine Receptor 4 Antibody for
T-Cell Lymphomas. Ann. Pharmacother. 2020, 54, 371-379. [CrossRef]

Lewis, D.J.; Rook, A.H. Mogamulizumab in the treatment of advanced mycosis fungoides and Sezary syndrome: Safety and
efficacy. Expert Rev. Anticancer Ther. 2020, 20, 447-452. [CrossRef]

Tsubokura, Y.; Satake, A.; Hotta, M.; Yoshimura, H.; Fujita, S.; Azuma, Y.; Nakanishi, T.; Nakaya, A.; Ito, T.; Ishii, K.; et al.
Successful treatment with mogamulizumab followed by allogeneic hematopoietic stem-cell transplantation in adult T-cell
leukemia/lymphoma: A report of two cases. Int. |. Hematol. 2016, 104, 744-748. [CrossRef]

Schumacher, T.N.; Scheper, W.; Kvistborg, P. Cancer Neoantigens. Annu. Rev. Immunol. 2019, 37, 173-200. [CrossRef]

Ma, W.; Pham, B.; Li, T. Cancer neoantigens as potential targets for immunotherapy. Clin. Exp. Metastasis 2021. [CrossRef]
Dunn, G.P; Bruce, A.T,; Ikeda, H.; Old, L.J.; Schreiber, R.D. Cancer immunoediting: From immunosurveillance to tumor escape.
Nat. Immunol. 2002, 3, 991-998. [CrossRef] [PubMed]

Schreiber, R.D.; Old, L.J.; Smyth, M.]. Cancer immunoediting: Integrating immunity’s roles in cancer suppression and promotion.
Science 2011, 331, 1565-1570. [CrossRef]

Beatty, G.L.; Gladney, W.L. Inmune escape mechanisms as a guide for cancer immunotherapy. Clin. Cancer Res. 2015, 21, 687-692.
[CrossRef]

O’Donnell, J.S.; Teng, M.W.L.; Smyth, M.]. Cancer immunoediting and resistance to T cell-based immunotherapy. Nat. Rev. Clin.
Oncol. 2019, 16, 151-167. [CrossRef]

Pardoll, D.M. The blockade of immune checkpoints in cancer immunotherapy. Nat. Rev. Cancer 2012, 12, 252-264. [CrossRef]
Topalian, S.L.; Drake, C.G.; Pardoll, D.M. Immune checkpoint blockade: A common denominator approach to cancer therapy.
Cancer Cell 2015, 27, 450-461. [CrossRef] [PubMed]

Perrier, A.; Didelot, A.; Laurent-Puig, P; Blons, H.; Garinet, S. Epigenetic Mechanisms of Resistance to Immune Checkpoint
Inhibitors. Biomolecules 2020, 10, 1061. [CrossRef] [PubMed]

Anderson, R.; Theron, A.J.; Rapoport, B.L. Inmunopathogenesis of Immune Checkpoint Inhibitor-Related Adverse Events: Roles
of the Intestinal Microbiome and Th17 Cells. Front. Immunol. 2019, 10, 2254. [CrossRef]

Schoenfeld, A.J.; Hellmann, M.D. Acquired Resistance to Immune Checkpoint Inhibitors. Cancer Cell 2020, 37, 443-455. [CrossRef]
Patel, S.P,; Kurzrock, R. PD-L1 Expression as a Predictive Biomarker in Cancer Immunotherapy. Mol. Cancer Ther. 2015, 14,
847-856. [CrossRef]

Maleki Vareki, S. High and low mutational burden tumors versus immunologically hot and cold tumors and response to immune
checkpoint inhibitors. |. Immunother. Cancer 2018, 6, 157. [CrossRef]

Yarchoan, M.; Albacker, L.A.; Hopkins, A.C.; Montesion, M.; Murugesan, K.; Vithayathil, T.T.; Zaidi, N.; Azad, N.S,; Laheru, D.A;
Frampton, G.M,; et al. PD-L1 expression and tumor mutational burden are independent biomarkers in most cancers. [CI Insight
2019, 4, €126908. [CrossRef] [PubMed]

Gajewski, T.E,; Corrales, L.; Williams, J.; Horton, B.; Sivan, A.; Spranger, S. Cancer Immunotherapy Targets Based on Understand-
ing the T Cell-Inflamed Versus Non-T Cell-Inflamed Tumor Microenvironment. Adv. Exp. Med. Biol. 2017, 1036, 19-31. [CrossRef]
[PubMed]

Thomas, S.; Prendergast, G.C. Cancer Vaccines: A Brief Overview. Methods Mol. Biol. 2016, 1403, 755-761. [CrossRef]

Sahin, U.; Tureci, O. Personalized vaccines for cancer immunotherapy. Science 2018, 359, 1355-1360. [CrossRef] [PubMed]
Palucka, K.; Banchereau, J. Dendritic-cell-based therapeutic cancer vaccines. Immunity 2013, 39, 38—48. [CrossRef]

Bowen, W.S,; Svrivastava, A.K.; Batra, L.; Barsoumian, H.; Shirwan, H. Current challenges for cancer vaccine adjuvant develop-
ment. Expert Rev. Vaccines 2018, 17, 207-215. [CrossRef]

Matsuo, K,; Kitahata, K.; Kawabata, F.; Kamei, M.; Hara, Y.; Takamura, S.; Oiso, N.; Kawada, A.; Yoshie, O.; Nakayama, T. A
Highly Active Form of XCL1/Lymphotactin Functions as an Effective Adjuvant to Recruit Cross-Presenting Dendritic Cells for
Induction of Effector and Memory CD8(+) T Cells. Front. Immunol. 2018, 9, 2775. [CrossRef]

Watanabe, Y.; Katou, F; Ohtani, H.; Nakayama, T.; Yoshie, O.; Hashimoto, K. Tumor-infiltrating lymphocytes, particularly the
balance between CD8(+) T cells and CCR4(+) regulatory T cells, affect the survival of patients with oral squamous cell carcinoma.
Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 2010, 109, 744-752. [CrossRef]

Ohue, Y.; Nishikawa, H. Regulatory T (Treg) cells in cancer: Can Treg cells be a new therapeutic target? Cancer Sci. 2019, 110,
2080-2089. [CrossRef]

Hatzioannou, A.; Banos, A.; Sakelaropoulos, T.; Fedonidis, C.; Vidali, M.S.; Kohne, M.; Handler, K.; Boon, L.; Henriques, A.;
Koliaraki, V.; et al. An intrinsic role of IL-33 in Treg cell-mediated tumor immunoevasion. Nat. Immunol. 2020, 21, 75-85.
[CrossRef]


http://doi.org/10.1200/JCO.2016.67.8250
http://doi.org/10.21037/sci.2016.09.13
http://doi.org/10.1177/1060028019884863
http://doi.org/10.1080/14737140.2020.1760096
http://doi.org/10.1007/s12185-016-2087-y
http://doi.org/10.1146/annurev-immunol-042617-053402
http://doi.org/10.1007/s10585-021-10091-1
http://doi.org/10.1038/ni1102-991
http://www.ncbi.nlm.nih.gov/pubmed/12407406
http://doi.org/10.1126/science.1203486
http://doi.org/10.1158/1078-0432.CCR-14-1860
http://doi.org/10.1038/s41571-018-0142-8
http://doi.org/10.1038/nrc3239
http://doi.org/10.1016/j.ccell.2015.03.001
http://www.ncbi.nlm.nih.gov/pubmed/25858804
http://doi.org/10.3390/biom10071061
http://www.ncbi.nlm.nih.gov/pubmed/32708698
http://doi.org/10.3389/fimmu.2019.02254
http://doi.org/10.1016/j.ccell.2020.03.017
http://doi.org/10.1158/1535-7163.MCT-14-0983
http://doi.org/10.1186/s40425-018-0479-7
http://doi.org/10.1172/jci.insight.126908
http://www.ncbi.nlm.nih.gov/pubmed/30895946
http://doi.org/10.1007/978-3-319-67577-0_2
http://www.ncbi.nlm.nih.gov/pubmed/29275462
http://doi.org/10.1007/978-1-4939-3387-7_43
http://doi.org/10.1126/science.aar7112
http://www.ncbi.nlm.nih.gov/pubmed/29567706
http://doi.org/10.1016/j.immuni.2013.07.004
http://doi.org/10.1080/14760584.2018.1434000
http://doi.org/10.3389/fimmu.2018.02775
http://doi.org/10.1016/j.tripleo.2009.12.015
http://doi.org/10.1111/cas.14069
http://doi.org/10.1038/s41590-019-0555-2

Cancers 2021, 13, 5542 27 of 28

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.
228.

229.

230.

231.

232.

233.

234.
235.

Kostner, A.H.; Nielsen, P.S.; Georgsen, ].B.; Parner, E.T.; Nielsen, M.B.; Kersten, C.; Steiniche, T. Systemic Inflammation Associates
With a Myeloid Inflamed Tumor Microenvironment in Primary Resected Colon Cancer-May Cold Tumors Simply Be Too Hot?
Front. Immunol. 2021, 12, 716342. [CrossRef]

Shimauchi, T.; Kabashima, K.; Nakashima, D.; Sugita, K.; Yamada, Y.; Hino, R.; Tokura, Y. Augmented expression of programmed
death-1 in both neoplastic and non-neoplastic CD4+ T-cells in adult T-cell leukemia/lymphoma. Int. ]. Cancer 2007, 121, 2585-2590.
[CrossRef] [PubMed]

Higuchi, M.; Kuwatsuka, Y.; Murota, H.; Iwanaga, M.; Niino, D. Clinical and histopathological significance of PD-1 expression in
cutaneous lesions of adult T-cell leukemia-lymphoma. Pathol. Res. Pract. 2019, 215, 40-49. [CrossRef] [PubMed]

Miyoshi, H.; Kiyasu, J.; Kato, T.; Yoshida, N.; Shimono, J.; Yokoyama, S.; Taniguchi, H.; Sasaki, Y.; Kurita, D.; Kawamoto,
K.; et al. PD-L1 expression on neoplastic or stromal cells is respectively a poor or good prognostic factor for adult T-cell
leukemia/lymphoma. Blood 2016, 128, 1374-1381. [CrossRef] [PubMed]

Takeuchi, M.; Miyoshi, H.; Nakashima, K.; Kawamoto, K.; Yamada, K.; Yanagida, E.; Muta, H.; Moritsubo, M.; Umeno, T.; Suzuki,
T.; et al. Comprehensive immunohistochemical analysis of immune checkpoint molecules in adult T cell leukemia/lymphoma.
Ann. Hematol. 2020, 99, 1093-1098. [CrossRef]

Kataoka, K.; Shiraishi, Y.; Takeda, Y.; Sakata, S.; Matsumoto, M.; Nagano, S.; Maeda, T.; Nagata, Y.; Kitanaka, A.; Mizuno, S.; et al.
Aberrant PD-L1 expression through 3’-UTR disruption in multiple cancers. Nature 2016, 534, 402-406. [CrossRef]

Ratner, L.; Waldmann, T.A.; Janakiram, M.; Brammer, ].E. Rapid Progression of Adult T-Cell Leukemia-Lymphoma after PD-1
Inhibitor Therapy. N. Engl. |. Med. 2018, 378, 1947-1948. [CrossRef]

Rauch, D.A.; Conlon, K.C.; Janakiram, M.; Brammer, J.E.; Harding, J.C.; Ye, B.H.; Zang, X.; Ren, X.; Olson, S.; Cheng, X.; et al.
Rapid progression of adult T-cell leukemia/lymphoma as tumor-infiltrating Tregs after PD-1 blockade. Blood 2019, 134, 1406-1414.
[CrossRef]

Denis, M.; Duruisseaux, M.; Brevet, M.; Dumontet, C. How Can Immune Checkpoint Inhibitors Cause Hyperprogression in Solid
Tumors? Front. Immunol. 2020, 11, 492. [CrossRef]

Ishitsuka, K.; Utsunomiya, A.; Ishida, T. PD-1 Inhibitor Therapy in Adult T-Cell Leukemia-Lymphoma. N. Engl. ]. Med. 2018, 379,
695. [CrossRef]

Roccuzzo, G.; Giordano, S.; Fava, P; Pileri, A.; Guglielmo, A.; Tonella, L.; Sanlorenzo, M.; Ribero, S.; Fierro, M.T.; Quaglino,
P. Immune Check Point Inhibitors in Primary Cutaneous T-Cell Lymphomas: Biologic Rationale, Clinical Results and Future
Perspectives. Front. Oncol. 2021, 11, 733770. [CrossRef]

Khodadoust, M.S.; Rook, A.H.; Porcu, P; Foss, F.; Moskowitz, A.].; Shustov, A.; Shanbhag, S.; Sokol, L.; Fling, S.P.; Ramchurren,
N.; et al. Pembrolizumab in Relapsed and Refractory Mycosis Fungoides and Sezary Syndrome: A Multicenter Phase II Study. J.
Clin. Oncol. 2020, 38, 20-28. [CrossRef]

Tanchot, C.; Terme, M.; Pere, H.; Tran, T.; Benhamouda, N.; Strioga, M.; Banissi, C.; Galluzzi, L.; Kroemer, G.; Tartour, E. Tumor-
infiltrating regulatory T cells: Phenotype, role, mechanism of expansion in situ and clinical significance. Cancer Microenviron.
2013, 6, 147-157. [CrossRef] [PubMed]

Curiel, T.J.; Coukos, G.; Zou, L.; Alvarez, X.; Cheng, P.; Mottram, P.; Evdemon-Hogan, M.; Conejo-Garcia, ].R.; Zhang, L.; Burow,
M.; et al. Specific recruitment of regulatory T cells in ovarian carcinoma fosters immune privilege and predicts reduced survival.
Nat. Med. 2004, 10, 942-949. [CrossRef] [PubMed]

Wei, S.; Kryczek, I.; Zou, W. Regulatory T-cell compartmentalization and trafficking. Blood 2006, 108, 426—431. [CrossRef]
Gobert, M.; Treilleux, I.; Bendriss-Vermare, N.; Bachelot, T.; Goddard-Leon, S.; Arfi, V.; Biota, C.; Doffin, A.C.; Durand, I.; Olive,
D.; et al. Regulatory T cells recruited through CCL22/CCR4 are selectively activated in lymphoid infiltrates surrounding primary
breast tumors and lead to an adverse clinical outcome. Cancer Res. 2009, 69, 2000-2009. [CrossRef]

Menetrier-Caux, C.; Gobert, M.; Caux, C. Differences in tumor regulatory T-cell localization and activation status impact patient
outcome. Cancer Res. 2009, 69, 7895-7898. [CrossRef] [PubMed]

Nishikawa, H.; Sakaguchi, S. Regulatory T cells in tumor immunity. Int. J. Cancer 2010, 127, 759-767. [CrossRef]

Kimura, S.; Nanbu, U.; Noguchi, H.; Harada, Y.; Kumamoto, K.; Sasaguri, Y.; Nakayama, T. Macrophage CCL22 expression in the
tumor microenvironment and implications for survival in patients with squamous cell carcinoma of the tongue. J. Oral Pathol.
Med. 2019, 48, 677-685. [CrossRef]

Pere, H.; Montier, Y.; Bayry, J.; Quintin-Colonna, F.; Merillon, N.; Dransart, E.; Badoual, C.; Gey, A.; Ravel, P; Marcheteau, E.; et al.
A CCR4 antagonist combined with vaccines induces antigen-specific CD8+ T cells and tumor immunity against self antigens.
Blood 2011, 118, 4853-4862. [CrossRef]

Sugiyama, D.; Nishikawa, H.; Maeda, Y.; Nishioka, M.; Tanemura, A.; Katayama, I.; Ezoe, S.; Kanakura, Y.; Sato, E.;
Fukumori, Y.; et al. Anti-CCR4 mAb selectively depletes effector-type FoxP3+CD4+ regulatory T cells, evoking antitumor
immune responses in humans. Proc. Natl. Acad. Sci. USA 2013, 110, 17945-17950. [CrossRef] [PubMed]

Ueda, R. Clinical Application of Anti-CCR4 Monoclonal Antibody. Oncology 2015, 89 (Suppl. 1), 16-21. [CrossRef] [PubMed]
Chang, D.K,; Peterson, E.; Sun, J.; Goudie, C.; Drapkin, R.I; Liu, J.E; Matulonis, U.; Zhu, Q.; Marasco, W.A. Anti-CCR4 monoclonal
antibody enhances antitumor immunity by modulating tumor-infiltrating Tregs in an ovarian cancer xenograft humanized mouse
model. Oncoimmunology 2016, 5, €1090075. [CrossRef]


http://doi.org/10.3389/fimmu.2021.716342
http://doi.org/10.1002/ijc.23042
http://www.ncbi.nlm.nih.gov/pubmed/17721918
http://doi.org/10.1016/j.prp.2018.10.001
http://www.ncbi.nlm.nih.gov/pubmed/30385085
http://doi.org/10.1182/blood-2016-02-698936
http://www.ncbi.nlm.nih.gov/pubmed/27418641
http://doi.org/10.1007/s00277-020-03967-x
http://doi.org/10.1038/nature18294
http://doi.org/10.1056/NEJMc1803181
http://doi.org/10.1182/blood.2019002038
http://doi.org/10.3389/fimmu.2020.00492
http://doi.org/10.1056/NEJMc1807852
http://doi.org/10.3389/fonc.2021.733770
http://doi.org/10.1200/JCO.19.01056
http://doi.org/10.1007/s12307-012-0122-y
http://www.ncbi.nlm.nih.gov/pubmed/23104434
http://doi.org/10.1038/nm1093
http://www.ncbi.nlm.nih.gov/pubmed/15322536
http://doi.org/10.1182/blood-2006-01-0177
http://doi.org/10.1158/0008-5472.CAN-08-2360
http://doi.org/10.1158/0008-5472.CAN-09-1642
http://www.ncbi.nlm.nih.gov/pubmed/19808962
http://doi.org/10.1002/ijc.25429
http://doi.org/10.1111/jop.12885
http://doi.org/10.1182/blood-2011-01-329656
http://doi.org/10.1073/pnas.1316796110
http://www.ncbi.nlm.nih.gov/pubmed/24127572
http://doi.org/10.1159/000431059
http://www.ncbi.nlm.nih.gov/pubmed/26550987
http://doi.org/10.1080/2162402X.2015.1090075

Cancers 2021, 13, 5542 28 of 28

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

Yamamoto, S.; Matsuo, K.; Nagakubo, D.; Higashiyama, S.; Nishiwaki, K.; Oiso, N.; Kawada, A.; Yoshie, O.; Nakayama, T. A
CCR4 antagonist enhances DC activation and homing to the regional lymph node and shows potent vaccine adjuvant activity
through the inhibition of regulatory T-cell recruitment. J. Pharmacol. Sci. 2018, 136, 165-171. [CrossRef]

Maeda, S.; Murakami, K.; Inoue, A.; Yonezawa, T.; Matsuki, N. CCR4 Blockade Depletes Regulatory T Cells and Prolongs Survival
in a Canine Model of Bladder Cancer. Cancer Immunol. Res. 2019, 7, 1175-1187. [CrossRef]

Robles, O.; Jackson, J.J.; Marshall, L.; Talay, O.; Chian, D.; Cutler, G.; Diokno, R.; Hu, D.X,; Jacobson, S.; Karbarz, E.; et al.
Novel Piperidinyl-Azetidines as Potent and Selective CCR4 Antagonists Elicit Antitumor Response as a Single Agent and in
Combination with Checkpoint Inhibitors. J. Med. Chem. 2020, 63, 8584-8607. [CrossRef]

Ishida, T.; Ueda, R. CCR4 as a novel molecular target for immunotherapy of cancer. Cancer Sci. 2006, 97, 1139-1146. [CrossRef]
[PubMed]

Doi, T.; Muro, K.; Ishii, H.; Kato, T.; Tsushima, T.; Takenoyama, M.; Oizumi, S.; Gemmoto, K.; Suna, H.; Enokitani, K.; et al. A
Phase I Study of the Anti-CC Chemokine Receptor 4 Antibody, Mogamulizumab, in Combination with Nivolumab in Patients
with Advanced or Metastatic Solid Tumors. Clin. Cancer Res. 2019, 25, 6614-6622. [CrossRef]

Zamarin, D.; Hamid, O.; Nayak-Kapoor, A.; Sahebjam, S.; Sznol, M.; Collaku, A.; Fox, EE.; Marshall, M.A.; Hong, D.S.
Mogamulizumab in Combination with Durvalumab or Tremelimumab in Patients with Advanced Solid Tumors: A Phase I Study.
Clin. Cancer Res. 2020, 26, 4531-4541. [CrossRef] [PubMed]

Yonekura, K.; Kusumoto, S.; Choi, I.; Nakano, N.; Ito, A.; Suehiro, Y.; Imaizumi, Y.; Yoshimitsu, M.; Nosaka, K.; Ohtsuka, E.; et al.
Mogamulizumab for adult T-cell leukemia-lymphoma: A multicenter prospective observational study. Blood Adv. 2020, 4,
5133-5145. [CrossRef]

Sakamoto, Y.; Fujii, K.; Murase, S.; Nakano, S.; Masaki, A.; Murase, T.; Kusumoto, S; lida, S.; Utsunomiya, A.; Ueda, R.; et al.
CCR4 is rarely expressed in CCR4-mutated T/NK-cell lymphomas other than adult T-cell leukemia/lymphoma. Int. ]. Hematol.
2019, 110, 389-392. [CrossRef]

Sakamoto, Y.; Ishida, T.; Masaki, A.; Murase, T.; Yonekura, K.; Tashiro, Y.; Tokunaga, M.; Utsunomiya, A.; Ito, A.; Kusumoto, S.;
et al. CCR4 mutations associated with superior outcome of adult T-cell leukemia/lymphoma under mogamulizumab treatment.
Blood 2018, 132, 758-761. [CrossRef]

Yano, H.; Ishida, T.; Inagaki, A.; Ishii, T.; Kusumoto, S.; Komatsu, H.; lida, S.; Utsunomiya, A.; Ueda, R. Regulatory T-cell function
of adult T-cell leukemia/lymphoma cells. Int. ]. Cancer 2007, 120, 2052-2057. [CrossRef]

Dubois, S.P.; Miljkovic, M.D.; Fleisher, T.A ; Pittaluga, S.; Hsu-Albert, J.; Bryant, B.R; Petrus, M.N.; Perera, L.P.; Muller, ].R.; Shih,
J.H.; et al. Short-course IL-15 given as a continuous infusion led to a massive expansion of effective NK cells: Implications for
combination therapy with antitumor antibodies. J. Immunother. Cancer 2021, 9, €002193. [CrossRef]

Asadzadeh, Z.; Mohammadi, H.; Safarzadeh, E.; Hemmatzadeh, M.; Mahdian-Shakib, A; Jadidi-Niaragh, F.; Azizi, G.; Baradaran,
B. The paradox of Th17 cell functions in tumor immunity. Cell. Immunol. 2017, 322, 15-25. [CrossRef]

Matsuo, K; Itoh, T.; Koyama, A.; Imamura, R.; Kawai, S.; Nishiwaki, K.; Oiso, N.; Kawada, A.; Yoshie, O.; Nakayama, T. CCR4 is
critically involved in effective antitumor immunity in mice bearing intradermal B16 melanoma. Cancer Lett. 2016, 378, 16-22.
[CrossRef]

Andrew, D.P; Ruffing, N.; Kim, C.H.; Miao, W.; Heath, H.; Li, Y.; Murphy, K.; Campbell, ].J.; Butcher, E.C.; Wu, L. C-C chemokine
receptor 4 expression defines a major subset of circulating nonintestinal memory T cells of both Th1 and Th2 potential. J. Immunol.
2001, 166, 103-111. [CrossRef] [PubMed]

Kondo, T.; Takiguchi, M. Human memory CCR4+CD8+ T cell subset has the ability to produce multiple cytokines. Int. Immunol.
2009, 21, 523-532. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jphs.2018.02.001
http://doi.org/10.1158/2326-6066.CIR-18-0751
http://doi.org/10.1021/acs.jmedchem.0c00988
http://doi.org/10.1111/j.1349-7006.2006.00307.x
http://www.ncbi.nlm.nih.gov/pubmed/16952304
http://doi.org/10.1158/1078-0432.CCR-19-1090
http://doi.org/10.1158/1078-0432.CCR-20-0328
http://www.ncbi.nlm.nih.gov/pubmed/32586937
http://doi.org/10.1182/bloodadvances.2020003053
http://doi.org/10.1007/s12185-019-02728-5
http://doi.org/10.1182/blood-2018-02-835991
http://doi.org/10.1002/ijc.22536
http://doi.org/10.1136/jitc-2020-002193
http://doi.org/10.1016/j.cellimm.2017.10.015
http://doi.org/10.1016/j.canlet.2016.04.039
http://doi.org/10.4049/jimmunol.166.1.103
http://www.ncbi.nlm.nih.gov/pubmed/11123282
http://doi.org/10.1093/intimm/dxp019
http://www.ncbi.nlm.nih.gov/pubmed/19261691

	Introduction 
	Overview on the Chemokine Superfamily and T Cell Subsets 
	The Chemokine Superfamily 
	Identification of CCR4 
	T Cell Subsets 
	T Cell Subsets and Chemokine Receptors 
	Tissue Imprinting and Chemokine Receptors 

	HTLV-1, ATLL and HAM/TSP 
	HTLV-1, a Human Oncogenic Retrovirus 
	ATLL and HAM/TSP 

	Expression of CCR4 in ATLL, HAM/TSP, and CTCLs 
	Preferential Transmission of HTLV-1 to CCR4-Expressing T Cells 
	CCR4 Expression in ATLL 
	Expression of CCR4 in CTCLs 

	Development and Clinical Application of Mogamulizumab 
	Development of Mogamulizumab 
	Clinical Application of Mogamulizumab in ATLL 
	Clinical Application of Mogamulizumab in CTCLs 
	Clinical Trial of Mogamulizumab in HAM/TSP 

	Adverse Events by Mogamulizumab 
	Mogamulizumab and Allo-HSCT 
	Immune Checkpoint Inhibitors and Application of Mogamulizumab in Solid Tumors 
	Immune Checkpoint Inhibitors 
	Immune Checkpoint Inhibitors and ATLL, CTCLs 
	Effect of Mogamulizumab on Solid Tumors 

	Concluding Remarks 
	References

