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Abbreviations



APC: Allophycocyanin

bp: Base pairs

cCCL19-hIgG-Fc: Canine CC chemokine ligand 19-human IgG-Fc fusion protein
CCK-8: Cell counting kit-8

CCL: CC chemokine ligand

CCR: CC chemokine receptor

Ct: Cycle threshold

CXCR: CXC chemokine receptor

DAB: 3,3-diaminobenzidine

DMEM: Dulbecco’s modified eagle’s medium
ECTCL: Epitheliotropic cutaneous T-cell lymphoma
EO-1: Canine epitheliotropic cutaneous T-cell lymphoma cell line
FBS: Fetal bovine serum

FFPE: Formalin-fixed paraffin-embedded

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase
gRNA: Guide RNA

HEK: Human embryonic kidney

HPRT-1: Hypoxanthine phosphoribosyltransferase 1
[HC: Immunohistochemistry

KO: Knockout

LN: Lymph node

MEF: Mycosis fungoides

NIH3T3: NIH Swiss mouse embryonic fibroblast

NOD SCID: NOD.CB17-Prkdcscid/]



p-Akt: Phosphor-Akt

PBMC:s: Peripheral blood mononuclear cells

PCR: Polymerase chain reaction

RAG: Recombination-activating gene

SDS-PAGE: Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
TCR-y: T-cell receptor gamma chain

TCR: T-cell receptor

WT: Wild-type



General Introduction



Canine lymphoma is classified as multicentric, mediastinal, gastrointestinal,

hepatic, renal, ocular, nervous system, and cutaneous lymphoma (84). Cutaneous

lymphoma is further divided into epitheliotropic or non-epitheliotropic type based on

the histopathological localization of neoplastic T-cells. Epitheliotropic type, which

accounts for major cases (2), is characterized by proliferation and infiltration of

neoplastic T-cells in the dermis with a specific tropism for the epidermis and adnexal

structures. Dogs with epitheliotropic cutaneous T-cell lymphoma (ECTCL) show

various skin lesions, including erythema, plaques, scaling, erosion, and nodules (7, 15,

16). Metastasis to the lymph nodes (LNs) and distant organs has also been observed at

disease diagnosis or with disease progression (50, 53). The prognosis is generally very

poor with a median survival of six months (16). Chemotherapy has been recommended

treatments; however, its efficacy is frequently low. Development of novel therapies for

canine ECTCL is in great demand.

According to the World Health Organization-European Organization for

Research and Treatment of Cancer consensus classification, human ECTCL has more

than 10 subtypes (76). Detailed information, such as incidence, prognosis, appropriate

treatments, and cause of death, was described in each subtype. In contrast, canine

ECTCL is classified into only three subtypes (16): mycosis fungoides (MF) (66),



pagetoid reticulosis (30), and Sézary syndrome (18). Dogs with ECTCL show various

clinical presentation and course. The types and distribution of skin lesions extremely

varied depending on dogs (16). Approximately 40% of dogs showed pruritus in the skin,

the extent of which was also various from mild to severe. The survival duration was

reported to the wide range from a few months to two years (7). Thus, there is

considerable diversity in canine ECTCL, making it difficult to deal with the disease in

clinical practice. In order to elucidate the differences among dogs and select an

appropriate treatment for each case, further classification is necessary.

For the establishment of novel treatments and further classification, the

molecular pathogenesis underlying the poor prognosis and diversity needs to be

revealed. In canine ECTCL, definitive causes of death have not been elucidated;

however, metastasis to LNs or distant organs may be a crucial prognostic factor because

more than half of deaths from cancers are attributed to metastasis (13). Multiple skin

lesions were also found to be associated with poor prognosis, which were recognized in

around 90% of cases (7). Thus, systemic dissemination of neoplastic T-cells is an

important phenomenon to be elucidated. A previous study investigated whether

neoplastic T-cells disseminated were originated from single or multiple clone (35).

Since each T-cell has an individual T-cell receptor (TCR) genes, neoplastic T-cells



generated from the same origin by clonal expansion have the identical TCR genes. The

previous study evaluated the clonality of TCR genes and demonstrated that identical

clones were present in different skin lesions and peripheral blood in canine ECTCL,

suggesting a systemic migration of neoplastic T-cells. The finding, however, raised the

question why different types of skin lesions were formed from identical neoplastic T-

cells. Studies on human ECTCL showed the multiple clones of neoplastic T-cells in skin

lesions from the same patients (29, 72). Further investigation on the clonality and its

association with the diversity of skin lesions are required in canine ECTCL.

The migration and localization of T-cells during physiological responses are

strictly controlled by the interaction between chemokines and chemokine receptors (42).

Accordingly, T-cells express a regulated set of chemokine receptors that allow them to

selectively respond to specific chemokines. A previous study on canine ECTCL

demonstrated that chemokine receptors such as CC chemokine receptor (CCR) 4 and

CCR7 were specifically translated in skin lesions (9). To elucidate the molecular

pathogenesis concerning the tumor cell dynamic, therefore, the pathophysiological roles

of CCR4 and CCR7 need to be investigated.

Recently, the cell line EO-1 has been established for canine ECTCL (22).

Mice xenografted with EO-1 cells developed both skin lesions and systemic metastasis,
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similar to dogs with ECTCL (28). These tools enabled me to conduct further

investigation for clarifying the molecular pathogenesis in canine ECTCL. In this

doctoral dissertation, I carried out a series of studies composed of three chapters as

follows.

In chapter 1, the clonality and its association with skin lesions were
investigated to reveal the identity of neoplastic T-cells and the mechanism of diversity
in skin lesions.

In chapter 2, the transcription and expression of chemokine receptor CCR7 in
the ECTCL cell line were examined to demonstrate the possible involvement of canine
CCR7 in cancer metastasis.

In chapter 3, the effects by the knockout (KO) of CCR4 and CCR7 were
evaluated in a mouse model to investigate the pathophysiological roles of chemokine

receptors in canine ECTCL.
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Chapter 1

Evaluation of clonality and its association with skin lesions

in canine epitheliotropic cutaneous T-cell lymphoma
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1.1 Introduction

Canine ECTCL is a malignant neoplasm of the skin. It is characterized by the

proliferation of neoplastic T-cells with a tropism specific to the epidermis and adnexal

structures (53). Approximately 90% of dogs with ECTCL exhibit multiple skin lesions,

which is associated with a poor prognosis (7). The types of skin lesions markedly vary

and include erythema, plaques, erosion, scaling, hypopigmentation, and nodules.

Various types of skin lesions may be present at different anatomical sites in the same

patients (16). Therefore, canine ECTCL is a diverse disease; however, the mechanisms

underlying the formation of different skin lesions remain unclear. Chemotherapy is

generally used to treat canine ECTCL, similar to other types of lymphoma (7, 52), based

on the assumption that neoplastic T-cells disseminate systemically in lymphoma. Dogs

with ECTCL develop not only multiple skin lesions but also metastasis to the LNs and

distant organs (50, 53). Furthermore, a recent canine study indicated that all skin lesions

at different anatomical sites shared identical neoplastic T-cells with the same clonalities

(35). However, it currently remains unclear why different types of skin lesions are

formed from identical neoplastic T-cells.

Caine ECTCL is classified into three subtypes according to the classification in
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human ECTCL (15, 76). MF accounts for most cases of ECTCL in both dogs and

humans. In human MF, the clonality of neoplastic T-cells has been examined at different

anatomical sites. A previous study investigated the TCR gamma-chain (TCR-y) gene

rearrangement in multiple skin lesions using a polymerase chain reaction (PCR) and

detected identical neoplastic T-cells in different lesions from the same patients (12). In

contrast, another study using a multi-color PCR assay revealed that 39% of patients had

different clones in different skin lesions (72). Furthermore, a recent study that examined

the clonalities of TCR-beta by whole-exome sequencing revealed prominent clonal

variations among skin lesions (29). These findings suggest that human ECTCL consists

of heterogeneous neoplastic T-cells, which may be applicable to canine ECTCL.

Therefore, I hypothesized that canine ECTCL also exhibits heterogeneity in the

clonalities of neoplastic T-cells, which may contribute to the formation of various types

of skin lesions.

In chapter 1, I conducted fragment analysis on skin lesions from dogs with

ECTCL to investigate the clonality and its association with skin lesions. I employed a

canine ECTCL mouse model to validate the analytical methods. I also evaluated the

transcription of recombination-activating gene (RAG)1 to examine the origin of clones.
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1.2. Materials and Methods

1.2.1. Samples

Twenty-five formalin-fixed paraffin-embedded (FFPE) lesional skin tissues
derived from eight dogs diagnosed with ECTCL were used. Sites with noncontiguous
skin lesions were selected for biopsy. The topography and types of skin lesions on
biopsy sites were reviewed in medical records (Table 1-1). Peripheral blood
mononuclear cells (PBMCs) were obtained from three out of eight dogs. FFPE and
PBMC samples were used for DNA extraction and PCR followed by a fragment
analysis. Seven skin lesions, which were preserved in RNA stabilization solution
(QIAGEN), were also employed for a transcription analysis. All samples above were
derived from client-owned dogs diagnosed at Animal Medical Center of Gifu
University. Informed written consent on using the samples for research was obtained

from all owners.

1.2.2. DNA extraction and PCR
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Genomic DNA was extracted from FFPE lesional skin tissues using
NucleoSpin DNA FFPE XS (Takara Bio Inc.; Shiga, Japan). The genomic DNA of each
PBMC sample was also extracted using the QIAamp DNA Mini Kit (QIAGEN).
Extracted genomic DNA was quantified spectrophotometrically using BioPhotometer
Plus (Eppendorf; Hamburg, Germany) and adjusted to 100 ng genomic DNA per PCR
reaction. Primers targeting the TCR-y gene were prepared as previously described (21,
78): forward (5'-CGTGTACTACTGCGCTGCCTGG-3") and reverse (5'-
GTGTCTTGTGCCAGGACCAAACACTT-3"). The forward primer was labeled with
fluorescent dye at its 5’ end. PCR reactions were performed using Amplitaq Gold 360
Master Mix (Thermo Fisher Scientific; Waltham, MA, USA) on Takara Thermal Cycler
Dice (Takara Bio Inc.). Cycle conditions consisted of an initial denaturation and enzyme
activation step at 95°C for 5 min, followed by 40 cycles of denaturation at 94°C for 15
sec, annealing at 62°C for 30 sec, extension at 72°C for 30 sec, and final extension at

72°C for 30 min (21). All samples were examined in duplicate.

1.2.3. Fragment analysis

One microliter of a 50-fold diluted PCR product mixture was mixed with 8.5
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uL of Hi-Di formamide (Thermo Fisher Scientific) and 0.5 pL of 600 LIZ size standard
v2.0 (Thermo Fisher Scientific). PCR products were denatured and size-separated using
the ABI 3500 Genetic Analyzer (Thermo Fisher Scientific) with a G5 filter. The data
obtained were visualized as fluorescence peaks in the form of a histogram by
GeneMapper Software 6 (Thermo Fisher Scientific). A neoplastic clonal pattern was
identified only if the height of one or more prominent peaks within the valid range were
greater than twice the polyclonal/background signal, and the same peaks were
recognized in duplicate runs. A clonal pattern was considered identical within a case

when the difference in each peak size was less than 1 base pair (bp).

1.2.4. Validation of analytical methods

To validate analytical methods, an ECTCL mouse model was prepared using
EO-1 cells according to the methods previously described (28). NOD.CB17-Prkdescid/J
(NOD SCID) mice were purchased from Charles River Laboratories Japan, Inc.
(Yokohama, Japan). EO-1 cells were developed in my laboratory (22). Primary skin and
metastatic lesional tissues, such as the spleen, lung, and blood cells, were collected from

four mice and converted to FFPE samples. DNA extraction, PCR, and the fragment
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analysis were conducted as described above in each sample.

1.2.5. Evaluation of histopathological features

The presence or absence of the epidermal and dermal features of ECTCL
(Figure 1-1), such as lymphocytic aggregation, Pautrier’s microabscess, obliteration,
spongiosis, acanthosis, apoptosis, edema, and lymphocytic infiltration into adnexal
structures, was evaluated (Table 1-2)(16). The coincidence rates of these
histopathological features were calculated in a pair of skin lesions in each case. The
presence or absence of several features was not examined in some erosive lesions due to

epidermal obliteration.

1.2.6. Transcription analysis of ragl

Total RNA was extracted from seven skin lesions using the RNeasy Lipid
Tissue Kit (QIAGEN). Total RNA was also extracted from the thymus and LN of a
healthy female beagle dog as positive and negative controls, respectively, for RAG1.

The reverse transcription of total RNA was performed to generate single-strand cDNA
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for use as a template in PCR with the PrimeScript™ RT Reagent Kit (Takara Bio Inc.).
PCR primers were designed based on the predicted sequences of canine rag/ (GenBank
accession number, XM 038423502.1): forward (5'-GCGGTCTCTTGAAAAGGCAC-
3") and reverse (5'-CTTGGGTTTTGCCATCCACG-3"). PCR primers for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were also prepared as previously
described (48). Template cDNA was amplified by PCR using PrimeSTAR Max DNA
Polymerase (Takara Bio Inc.). PCR amplification was performed by 35 cycles of
denaturation (98°C, 10 sec), annealing (58°C, 10 sec), and polymerization (72°C, 30
sec) (21). PCR products were electrophoresed on a 2% agarose gel containing the DNA
fluorescence staining reagent Midori Green Advance (NIPPON Genetics; Tokyo,
Japan). Gels were examined with ImageQuant LAS 500 (GE Healthcare UK Ltd.,
Buckinghamshire, England). All procedures regarding a beagle dog and mice in chapter
1 were approved by the Institutional Animal Care and Use and Clinical Ethics

Committees of Gifu University (Accession number: 15001, 2020-254).

1.2.7. Statistical analysis

In a pair of skin lesions in each case, the types of skin lesions were classified as
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the same or different and were compared among the clonal patterns (Table 1-3).
Fisher’s exact test was used to evaluate the relationship between clonal patterns and
types of skin lesions. The Wilcoxon—-Mann—Whitney test was used to compare the
coincidence rates of histopathological features between clonal patterns. A value of P <
0.05 was considered significant. Statistical analyses were performed using the JMP

16.2.0 program (SAS Institute; Gary, NC, USA).
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1.3. Results

1.3.1. Clonal patterns

The results of the clonal patterns in skin lesions and PBMCs are summarized in

Table 1-1. The fragment analysis revealed that only case 7 had an identical clonal

pattern in all three skin lesions, which was also identical to that in PBMCs (Figure 1-2

a). Four of the seven other cases exhibited identical and non-identical clonal patterns

between skin lesions (Figure 1-2 b). In three cases, all clonal patterns were non-identical

(Figure 1-2 ¢).

1.3.2. Validation of analytical methods

In ECTCL mouse models, clonal patterns were identical in all primary skin and

metastatic lesions, such as spleen, lung, and blood cells (Figure 1-3).

1.3.3. Association of clonal patterns with skin lesions
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Fisher’s exact test showed that clonal patterns were not associated with the
types of skin lesions (P = 1.000) (Table 1-3). The coincidence rates of
histopathological features between skin lesions were 80.2 + 15.5 and 67.8 + 18.0% for
identical and non-identical clonal patterns, respectively (Table 1-4). The Wilcoxon—
Mann—Whitney test showed no significant difference in coincidence rates between

identical and non-identical clonal patterns (P = 0.0907).

1.3.4. Transcription of ragl in skin lesions

The transcription analysis did not detect rag/ mRNA in any ECTCL skin

lesions (Figure 1-4).

22



1.4. Discussion

In chapter 1, the fragment analysis identified different neoplastic clones among

skin lesions from dogs with ECTCL. A previous canine study demonstrated that all skin

lesions shared identical clones (35), which contradicts my results. Since canine TCR-y

genes consist of multiple sets of V and J gene segments (37), multiplex PCR was

conducted using 6 forward primers and 7 reverse primers to cover various parts of TCR

genes in the previous study (35). Multiplex PCR is useful for detecting clonality for a

diagnosis of ECTCL (36), whereas numerous peaks amplified with multiplex PCR are

not frequently reproducible, which may lead to the misinterpretation of results in a

fragment analysis. In the previous study, some peaks were not reproducible between

skin lesions, which were excluded from the analysis when comparing clonal patterns.

On the other hand, all peaks were reproducible and comparable between skin lesions

due to the small number of conspicuous peaks amplified by single primer pair in the

results of chapter 1. My fragment analysis was validated using ECTCL cell line

xenograft mouse models; however, further studies are needed to establish whether

multiplex PCR or PCR with a single primer pair is more beneficial when investigating

the identity of neoplastic clones. The primer set used in this study was designed to
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recognize the wide ranges of TCR-y genes in previous studies (21, 78). No

amplification in PCR was not observed in my results; however, further studies are also

necessary to evaluate the sensitivity of this primer set.

The findings of clonal heterogeneity prompted me to examine the association

of clonal patterns with the types of skin lesions and histopathological features, assuming

that skin lesions with an identical clone were similar to each other. However, this study

revealed no significant difference between identical and non-identical clonal patterns. In

human ECTCL, various skin lesions were observed in identical cases, similar to canine

ECTCL (16, 38). Accumulated evidence also indicates that the types of skin lesions are

dynamically altered from erythema to plaques, erosion, and nodules with disease

progression (38, 76). Therefore, variations in skin lesions in canine ECTCL may be

attributed to differences in progression in individual lesions rather than the clonal

heterogeneity of neoplastic T-cells.

To recognize various antigens, the diversity of TCR repertoires is generated by

the rearrangement of the TCR V, D and J gene segments with RAG (65). Therefore,

RAG is expressed in developing T cells in the thymus, but not in proliferating cells in

peripheral blood and tissues. A number of studies have investigated the expression of

RAG in tumor cells. Human T-cell leukemia cell lines, such as Willow89, MOLT 14,
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DND41, and HPB-ALL, were shown to express RAG1 (81). In clinical cases, RAG

expression was found in human T-cell leukemia and T-cell lymphoma (40). Thus, the

expression of RAG was also shown in peripheral neoplastic T-cells not only in

developing T-cells in the thymus. Therefore, I hypothesized that different TCR clones

may be generated in individual skin lesions, which may be demonstrated by RAG

expression. However, ragl was not translated in any skin lesions, indicating that

different clones originated not in the skin, but elsewhere. In a recent human study,

multiple TCR clones were detected in peripheral blood (29). In a previous canine study,

in addition to an identical clone in skin lesions, another unique clone was also detected

in peripheral blood (35). Collectively, my results and previous findings identified that

neoplastic clonal heterogeneity in canine ECTCL may develop in peripheral blood

rather than in the skin. Further studies are needed to investigate clonality in peripheral

blood and the origin of clonal heterogeneity.

The results also demonstrated that identical clones were present in different

anatomical sites, indicating that neoplastic T-cells migrated systemically in canine

ECTCL. Since the systemic dissemination of neoplastic T-cells was a crucial

phenomenon contributing to poor prognosis (7), the mechanism of tumor cell migration

needs to be elucidated. The migration and localization of lymphocytes during
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physiological responses are strictly controlled by the interaction between chemokines

and chemokine receptor (42); therefore, further studies focusing on chemokines are

needed.

In conclusion, I demonstrated that clonal heterogeneity of cutaneous neoplastic

T-cells in canine ECTCL, which was not associated with the clinical or

histopathological features of skin lesions. The results of chapter 1 suggest that different

clones originated not in the skin, but elsewhere, such as peripheral blood. The migration

of neoplastic T-cells was also indicated, which requires further investigation on the

involvement of chemokines

26



[euooAjod ‘d
‘pansesard d1om SOINE “+
orewd) pakeds ‘S Oewo, ‘4 Orew pajense) WD ORI N

1.5. Table and Figure

-8 A[NpoN wnIULIJ 2-8
8 onbefq wmns.Ioq q-8 q 9 Sop[inqg ystsug 8
1-8 anbeq XeIoy ], e-g
1-L rwoyA1g uowpqy 9-/
1-L I-L ewoyAig Xeloq q-L + ] €l QLLIS) IMYSHIOX L
1-L ewOAIg Xe10y ], L e-/
€9 uoIsoxy dry 2-9
9 uoIsoxg dir Q-9 d 8 s[pood Ko, 9
-9 UoIsoIyq dirg €9
s uoisorg LEILA o-¢
%9 uoisorg Xeloyy q-s NO 01 uoy[ideq S
1-S uoIsoIyg XeIoy |, e-g
(4 ewoyAig uwpqy P-¥
oy 2IMPON a1 oy W y1 punysyoep oIjerurN - §
[ ewoyArg dry Q- o
I-¥ uonejudwdidog ASON ey
¢-¢ BWAYIAI uwpqy 2-¢
d (3 uopoiyq Xeloy ], 9 q-¢ + EN 4! JOLLIB) S[BpaIly €
1-€ uoIsoIg Xe10y J, S e-¢
d ot anbeld tetpay v ac + el S punysyoep QINBIUIN ¢
1-C anbe[q uwpqy € BT B
€1 uomolyq uwwpqy P-1
-1 anbeq wnsioq o-1
q Ll OSA[BIN I
1 ewoyArg uLuwIpqy 4 q-1
I-1 ewoyAIg wns1oq I e-]
SOINGd un[s adA ], Aydeiodo],  "ON VAW URS unjs SOINGd XS (s1eak) o3y paa1g ase)
wioned euop) UOISd] UIS T wvNa

27

The information of dogs and samples was shown. The results of clonal patterns were
demonstrated as number or polyclonal. The same numbers of clonal patterns represent

Table 1-1. Summary of sample information and clonal patterns.

identical.
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Table 1-2. Evaluation of histopathological features in each skin lesion.

Presence or absence of nine histopathological features were evaluated.
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Type of skin lesion

Same Different Total
E) Identical 5 4 9
% Non-identical 9 10 19
8 Total 14 14 28

Table 1-3. Association between clonal patterns and types of skin lesions.
In a pair of skin lesions in each case, clonal patterns were divided into identical or non-
identical. The types of skin lesions were classified as the same or different and were

compared among the clonal patterns. Fisher’s exact test showed clonal patterns were not

associated with the types of skin lesions (P = 1.000)
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Case  Pair of skin lesions Clonal pattern Coincidence rate (%)

a-b NI 88.9
a-c NI 88.9
1 a-d NI 66.7
b-c I 77.8
b-d NI 77.8
c-d NI 55.6
2 a-b NI 66.7
a-b NI 66.7
3 a-c NI 55.6
b-c NI 66.7
a-b NI 88.9
a-c NI 55.6
4 a-d NI 77.8
b-c I 66.7
b-d I 66.7
c-d 1 77.8
a-b NI 55.6
5 a-c NI 100.0
b-c 1 55.6
a-b NI 33.3
6 a-c NI 33.3
b-c NI 55.6
a-b I 100.0
7 a-c I 100.0
b-c I 100.0
a-b NI 88.9
8 a-c NI 66.7
b-c I 77.8

I, Identical; NI, Non-identical

Table 1-4. Clonal patterns and coincidence rates in histopathology between skin lesions.

The averages of coincidence rates in histopathological features were shown in pair of

skin lesions with identical or non-identical clonal patterns. The Wilcoxon—Mann—

Whitney test showed no significant difference in coincidence rates between identical

and non-identical clonal patterns (P = 0.0907).
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- | Epidermis

| Dermis

Figure 1-1. A representative image of skin lesions from dogs with ECTCL.

Histopathological slides were five-micrometer thick stained with hematoxylin and

eosin. Neoplastic T-cells were shown to infiltrate into the epidermis and adnexal

structure. Scale bar: 100 um.
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Figure 1-2. Representative clonal patterns from three cases.

Histograms were highlighted in red when clonal patterns were identical. (a) Case 7: All

skin lesions and PBMCs had an identical clonal pattern. (b) Case 1: Identical and non-

identical clonal patterns were both observed between skin lesions. (c) Case 6: Clonal

patterns in skin lesions were all non-identical.
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Figure 1-3. Validation for analyzing a clonal pattern in canine ECTCL mouse models.

Four NOD SCID mice were subcutaneously xenografted with EO-1 cells, which

showed a clonal pattern with distinct peaks at 74 and 80 bp. An identical clonal pattern

was recognized in all primary skin and metastatic lesions, such as spleen, lung, and

blood cells of mice.
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1 2 3 4 5 6 7 8 9

Figure 1-4. Transcription analysis of RAGI.

Canine RAG1 mRNA (upper lane) and GAPDH mRNA (lower lane) were detected by
RT-PCR using specific primers to canine RAG1 and GAPDH c¢cDNAs. Lane 1: normal
canine thymus (positive control), Lane 2: normal canine LN (negative control), Lane 3-

9: skin mRNA No.1-7.
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Chapter 2

Expression and functional analysis of chemokine receptor 7 in a canine

epitheliotropic cutaneous T-cell ymphoma cell line
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2.1. Introduction

Chemokines are a large family of chemotactic cytokines that induce the

directional cell migration called chemotaxis. Structurally, chemokines are classified

into four families; CC, CXC, C, and CX3C, on the basis of the number and location of

two of four conserved cysteine residues (86). Each chemokine has corresponding

chemokine receptors, contributing to the specificity of chemotaxis. Lymphocytes that

express chemokine receptors follow a signal of increasing chemokine concentration

towards the source of the chemokine (4). Thus, the migration and localization of

lymphocytes during physiological immune responses are strictly controlled by the

interaction between chemokines and chemokine receptors (42, 46).

A previous study on canine ECTCL showed that the transcription levels of

CCR4 and CCR7 were significantly higher in skin lesions than in normal skin (9). In

canine ECTCL cell line, CCR4 was also highly translated compared to other canine T-

cell lymphoma cell lines (22). Furthermore, the ECTCL cell line has shown to express

functional CCR4 which exhibits the active chemotaxis to both the canine and murine

ligand. However, the expression and function of CCR7 have not been investigated.

CCR7 and its CC chemokine ligands (CCL) 19 and CCL21 are known to play
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important roles in the functions of cell homing to LNs. CCL19 and CCL21 are

abundantly distributed in LNs, high endothelial venules, and afferent lymphatic vessels

in which T-cells and dendritic cells accumulate (5, 17, 64). Therefore, the CCR7,

CCL19, and CCL21 axis forms organized cellular microcompartments in LNs and

contributes to the homeostasis of the immune system. Recent human studies reported

that CCR7 is expressed not only in immune cells, but also in various tumors including

lymphoma (79), and breast (55), gastric (49), and lung cancers (67). Furthermore, the

expression of CCR7 in some tumors has been correlated with LN metastasis (60). In a

mouse model, the knockdown of CCR7 in a colorectal cancer cell line decreased LN

metastasis (83). In comparisons with control cells, murine melanoma cells transfected

to express CCR7 were found to enhance LN metastasis (68). The findings of these

human and mouse studies implicate CCR7 in LN metastasis in cancer patients.

In canine ECTCL, dogs have shown metastasis to LNs and distant organs (7,

50, 53). In chapter 1, I demonstrated that neoplastic T-cells disseminated at different

anatomical sites showed the identical clonalities, indicating a systemic migration of

neoplastic T-cells. My results and previous findings from transcription analysis (9)

suggest that CCR7 may be related to the migration of neoplastic T-cells into LNs in

canine ECTCL; however, the involvement of CCR7 in LN metastasis remains unknown
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in canine cancers. Previous canine studies employed anti-human CCR7 antibodies (25,

80); however, their cross-reactivity and specificity to canine CCR7 were not validated.

To date, there are no antibodies whose specificity to canine CCR7 has been proven. To

detect canine CCR7, the use of a fusion protein combining human CCL19 with human

IgG has been reported as an alternative method (24). However, it is unclear whether the

fusion protein binds to canine CCR7 because its specificity was not confirmed.

In chapter 2, I evaluated the specificity of the canine CCL19 fusion protein

combined with human IgG-Fc by validation with canine CCR7-transfectants.

Thereafter, I analyzed the expression and function of CCR7 in the canine ECTCL cell

line by comparing to other canine T-cell lymphoma cell lines to investigate the

involvement of CCR7 in LN metastasis of canine ECTCL.
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2.2. Materials and Methods

2.2.1. Canine CCL19-human IgG-Fc fusion protein

Canine CCL19-human IgG-Fc fusion protein (cCCL19-hIgG-Fc) was
prepared as previously described (11, 23). Concisely, canine full-length CCL19 cDNA
(GenBank accession number, AB163919) was inserted into the pCAG-Neo hlgG1-Fc
vector (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan). Human embryonic
kidney (HEK) 293 cells (NIBIOHN JCRB Cell Bank, Osaka, Japan) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; FUJIFILM Wako Pure Chemical
Corporation) supplemented with 10% heat-inactivated fetal bovine serum (FBS;
Biosera, Nuaille, France) at 37°C in an atmosphere of air containing 5% CO,. The
pCAG-Neo canine CCL19-hIgG1-Fc plasmid was transfected into HEK293A cells
using Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer’s
instructions. Six hours after transfection, DMEM was exchanged with serum-free
medium HE100 (GMEP Inc., Kurume, Japan) including 2 mM L-glutamine. After a
further incubation for 6 days, the culture supernatant was collected and purified through

ultrafiltration using the Amicon Ultra-15 Centrifugal Filter Unit (Merck, Darmstadt,

39



Germany). Immunoblotting was conducted to confirm the presence of cCCL19-hIgG-Fc
in the purified supernatant. In brief, proteins of the purified supernatant were separated
by sodium dodecyl sulfate 12% polyacrylamide gel electrophoresis (SDS-PAGE) and
then transferred onto a nitrocellulose membrane. One hour after blocking with 5% skim
milk, the membrane was incubated with HRP-conjugated goat anti-human IgG-Fc
antibody (Thermo Fisher Scientific) at 4°C overnight. Regarding signal development,
an enhanced chemiluminescence reaction was conducted with ImmunoStar Zeta
(FUJIFILM Wako Pure Chemical Corporation). Images were acquired using a

chemiluminometer (ImageQuant LAS 500).

2.2.2. Validation of cCCL19-hlgG-Fc with canine CCR7-transfectants

Canine CCR7-transfectants were prepared using the pMX-IP Retroviral
vector (provided by Kitamura, T. at the Institute of Medical Science, The University of
Tokyo) containing full-length canine CCR7 cDNA (GenBank accession number,
MZ209267). NIH Swiss mouse embryonic fibroblast cells (NIH3T3 cells; provided by
the Institute of Development, Aging, and Cancer, Tohoku University) were retrovirally

transduced. Since the pMX-IP Retroviral vector harbored the resistance gene to

40



puromycin, transduced NIH3T3 cells were sorted by selection medium containing 10
nug/mL puromycin (FUJIFILM Wako Pure Chemical Corporation) more than three
times. After incubation with blocking buffer containing bovine (Biosera), mouse
(Kohjin Bio Inc., Sakado, Japan) and rat (Merck) sera for 30 min, cells were incubated
with cCCL19-hlgG-Fc at 4°C for 45 min. Cells were then washed and stained with
Allophycocyanin (APC)-conjugated anti-human IgG-Fc (BioLegend, San Diego, CA,
U.S.A)) as a secondary antibody at 4°C for 30 min. Purified human IgG (FUJIFILM
Wako Pure Chemical Corporation) was used as an isotype control. The fluorescence of
APC was detected using a flow cytometer (FACSCantoTMH; BD Biosciences, Franklin
Lakes, NJ, U.S.A.) and flow cytometry data were analyzed using flow cytometry
software (FlowJo version 10.7.1; Becton Dickinson and Company, Franklin Lakes, NJ,

U.S.A.).

2.2.3. Canine lymphoma cell lines

Three canine lymphoma cell lines, EO-1, CLC, and UL-1 cells, were
employed. EO-1 cells were derived from a dog with ECTCL (22), which was developed

in my laboratory. The origins of CLC and UL-1 cells were gastrointestinal lymphoma
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and renal lymphoma, respectively (71). EO-1 and CLC but not UL-1 cells had shown
LN metastasis in murine xenograft models (28, 71). Each cell line was cultured in
RPMI 1640 (FUJIFILM Wako Pure Chemical Corporation) supplemented with 10%

FBS, 1% penicillin/streptomycin, and 2 mM L-glutamine.

2.2.4 Transcription and expression analyses of CCR7

The total RNA of each canine lymphoma cell line was extracted using the
RNeasy Mini Kit (QIAGEN). Genomic DNA was removed with a TURBO DNA-free
Kit (Applied Biosystems, Foster, CA, U.S.A.). Total RNA was reverse transcribed to
cDNA using the PrimeScript™ RT Reagent Kit (Takara Bio Inc.). The transcription of
CCR7 was quantified by two-step RT-PCR (Thermal Cycler Dice Real Time System
TP800; Takara Bio Inc.) using SYBR Premix Ex Taq™ II (Takara Bio Inc.). PCR
primers were as follows: forward (5-TGGTGGTGGCTCTCCTTGTC-3') and reverse
(5'-AAGTTCCGCACGTCTTTCTTG-3"). Three reference genes, including CG14980,
Hypoxanthine phosphoribosyltransferase 1 (HPRT1), and TBP, were selected by
GeNorm and Bestkeeper among nine candidate reference genes (B2M, CG14980,

GAPDH, HPRT1, RPL13A, RPL32, RPS18, ACTB, and TBP) (27, 71). Amplification
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consisted of a first period of activation (95°C for 10 sec) followed by 40 cycles of a
PCR reaction (95°C for 5 sec and 60°C for 30 sec) and dissociation (95°C for 15 sec,
60°C for 30 sec, and 95°C for 15 sec). Each PCR reaction included samples without
reverse transcription, which were not amplified in chapter 2. The geometric mean of the
cycle threshold (Ct) values of the three reference genes were subtracted from the Ct
values of CCR7 (ACt). All samples were examined in duplicate, and the mean value of
ACt was calculated. The relative transcription level of CCR7 was calculated by 22,
resulting in the evaluation of samples as n-fold differences from the mean value of the
three reference genes. The experiment was independently implemented three times.

The detection of CCR7 protein in EO-1, CLC, and UL-1 cells was conducted
by flow cytometry using cCCL19-hIgG-Fc in the same manner as in canine CCR7-

transfectants described above.

2.2.5. Chemotaxis assay

A chemotaxis assay was performed in a 24-transwell plate with a 5-um pore
insert (Corning Inc., Corning, NY, U.S.A.). Canine recombinant CCL19 (Kingfisher

Biotech Inc., Saint Paul, MN, U.S.A.) and mouse recombinant CCL19 (Prospec, Ness-
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Ziona, Israel) were diluted in RPMI 1640 from 0.1 to 500 nmol/l, and 600 pl of the
diluted solution was placed in the lower chamber. EO-1 and UL-1 cells were
resuspended in RPMI 1640 at 1 x 107 cells/ml, and 100 ul of each cell suspension was
added to the upper chamber. After an incubation for 3 hours at 37°C under 5% CO,, the
number of migrated cells in the lower chamber was counted. The assay was performed

in duplicate.

2.2.6. Statistical analysis

The relative mRNA levels of CCR7 in cell lines were statistically analyzed by

the Dunn’s test. A value of P <0.05 was considered significant. Statistical analyses were

performed using the JMP 13.2.0 program (SAS Institute).
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2.3. Results

2.3.1. Validation of cCCL19-hlgG-Fc

Immunoblotting detected a single band near 37 kDa corresponding to the
expected molecular weight of canine CCL19 combined with the human IgG-Fc region
in the purified supernatant (Figure 2-1a). A flow cytometric analysis showed that
cCCL19-hlgG-Fc bound to NIH3T3 cells transfected with canine CCR7, but not to non-

transfectants (Figure 2-1 b).

2.3.2. Transcription and expression of CCR7

The qRT-PCR analysis showed that CCR7 mRNA expression levels were
significantly higher in EO-1 cells than in UL-1 cells (Figure 2-2 a). The flow cytometric
analysis also revealed that positive staining was moderate in EO-1 cells and dim in CLC

cells, but almost negative in UL-1 cells (Figure 2-2 b).

2.3.3 Chemotactic activity of CCR7
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In the chemotaxis assay, the number of migrated EO-1 cells increased in

proportion to the concentration of both canine and mouse CCL19. In contrast, UL-1

cells showed no increase in the number of migrated cells (Figure 2-3).
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2.4. Discussion

In canine studies, anti-human antibodies have been used to detect chemokine

receptors, such as CCR4 and CCR9 (47, 48). However, there have been no antibodies

reactive to canine CCR7, which prompted me to focus on the receptor-ligand binding

assay using the fusion protein cCCL19-hIgG-Fc. Since the specificity of CCL19-hlgG

to canine CCR7 was previously reported to be unclear (24), I initially validated the

specificity by using the canine CCR7-transfectants. The results obtained demonstrated

that cCCL19-hlgG-Fc specifically bound to canine CCR7.

The results of transcription and expression analyses showed that the

expression of CCR7 varied among canine lymphoma cell lines. I employed EO-1 cells

as the cell line showing the highest expression levels of CCR7 and UL-1 cells as that

with the lowest for the chemotaxis assay to evaluate the function of canine CCR7. The

results of the assay indicated the active chemotaxis of EO-1 cells not only to canine but

also to mouse recombinant CCL19, which ensures mouse models xenografted with

canine cell lines to evaluate the roles of canine CCR7 in tumor cell dynamics. Previous

studies reported the metastasis of regional LNs in 4/4 and 3/4 mice xenografted with

EO-1 or CLC cells, respectively (28, 71), but not in mice xenografted with UL-1 cells

47



(71). Since the major function of CCR7 is homing to LNs, the metastasis of regional

LNs in these mouse models appeared to be related to the expression of CCR7 in

xenografted tumor cells. Further studies including the knockdown or KO of CCR7 in

EO-1 and CLC cells are required to clarify the involvement of canine CCR7 in

metastasis.

In conclusion, I revealed that the canine ECTCL cell line expressed functional

CCR?7. The results of chapter 2 demonstrated that the cCCL19-hIgG-Fc fusion protein

was specific to detect canine CCR7, which contributes to further studies to investigate

the pathophysiological roles of CCR7 in metastasis of canine ECTCL.

48



2.5. Table and Figure
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Figure 2-1. Immunoblotting and flow cytometric analysis of cCCL19-hlgG-Fc.
(a) Immunoblotting using an anti-human IgG-Fc antibody in the purified culture

supernatant of HEK293 cells transfected with the pCAG-Neo cCCL19-hlgG1-Fc

plasmid.

(b) The flow cytometric analysis showed that cCCL19-hIgG-Fc bound to canine CCR7-
transfectants (white area), but not to non-transfectants (dotted line). The grey area

represented the isotype control.
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Figure 2-2. Expression analysis of CCR7 in canine lymphoma cell lines (EO-1, CLC,

and UL-1).

(a) The expression of canine CCR7 mRNA was shown as a relative quantity. Results

were shown as the means + SD of three independent experiments. *P < 0.05 by Dunn’s

test. (b) The histogram showed staining intensities by the isotype control (grey area) and

cCCL19-hIgG-Fc (white area).
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Figure 2-3. Chemotaxis assay using canine and mouse recombinant CCL19.
White bars represented EO-1 cells, and grey bars represented UL-1 cells. Results were

shown as the means + SD of two independent experiments.
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Chapter 3

Evaluation of pathophysiological roles of chemokine receptor 4 and 7

in a canine epitheliotropic cutaneous T-cell lymphoma model
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3.1. Introduction

Cancer metastasis consists of a multi-stage process that includes the migration

and proliferation of tumor cells (63). Since cell migration is regulated by interactions

between chemokines and chemokine receptors (42), numerous studies have examined

the roles of chemokines in cancer metastasis. An initial study revealed that CXC

chemokine receptor (CXCR) 4 was highly expressed in human breast cancer.

Furthermore, CXC chemokine ligand 12, the ligand for CXCR4, was preferentially

expressed in metastatic organs, such as the lungs and LNs, suggesting the involvement

of chemokines in organ-specific metastasis. In murine xenografted models, a CXCR4-

blocking antibody inhibited lung and LN metastasis. Other chemokine receptors,

including CCR6, CCR9, and CXCR3, were also shown to be involved in the metastasis

of colorectal cancer (20), melanoma (59), and colon cancer (34), respectively. A study

on dogs demonstrated that the transcription levels of CXCR3, CXCR4, CXCR7, and

CCR9 were significantly higher in metastatic mammary carcinoma than in non-

metastatic mammary carcinoma (1). Canine cell lines of leukemia and osteosarcoma

also expressed functional CCR9 (47) and CXCR4 (14); however, the relationship

between each chemokine receptor and organ-specific metastasis remains unclear in
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dogs.

Cell proliferation is induced by various molecules, including growth factors,

colony-stimulating factors, interleukins, tumor necrosis factors, and chemokines (3).

The roles of chemokines in cell proliferation have been intensively investigated in

tumors. In human glioblastoma cell lines expressing CCRS, the stimulation of CCL5

induced cell proliferation with an increase in intracellular phosphor-Akt (p-Akt) (85).

Since the knockdown of CCRS5 decreased cell proliferation and p-Akt in the presence of

CCLS5, the Akt pathway was most likely involved in cell proliferation induced by CCL5

and CCRS. Similarly, tumor growth was suppressed by the inhibition of other

chemokine receptors, such as CXCR3 in hepatocellular carcinoma (58), CXCR4 in

breast cancer (26), and CCR10 in glioma (8). These findings suggest that chemokines

play an essential role in tumor cell proliferation, which has not yet been examined in

dogs.

A previous study on canine ECTCL showed that the transcription levels of

CCR4 and CCR7 were significantly higher in skin lesions than in normal skin (9). A

canine ECTCL cell line also expressed CCR4 (22) and CCR7 (32), exhibiting

chemotactic activity to their ligands. In human and murine studies, activated

keratinocytes and dendritic cells produced the ligands for CCR4, such as CCL17 (73,
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74) and CCL22 (75), which promoted the skin tropism of CCR4-positive cells (82).

Murine CCR7 facilitated cell migration from peripheral tissues to LNs via lymphatic

vessels at which CCL19 and CCL21, ligands for CCR7, were abundant (5). These

findings indicate that CCR4 and CCR7 are involved in epitheliotropism and LN

metastasis, respectively, in canine ECTCL. In mice xenografted with human breast

cancer cell lines, tumors of CCR4-overexpressing cells were more significantly

increased than those in mice transferred with wild-type (WT) control cells (44). CCL21

enhanced in vitro dose-dependent cell proliferation in human lung and bladder cancer

cells (51, 77), which was inhibited by the knockdown of CCR7 or a CCR7-blocking

antibody. Therefore, the roles of CCR4 and CCR?7 in cell proliferation also need to be

investigated in canine ECTCL.

The cell line EO-1 has been established for canine ECTCL in my laboratory

(22), and xenografted mice developed both skin lesions and systemic metastasis, similar

to dogs with ECTCL . In chapter 3, I examined the pathophysiological roles of CCR4

and CCR7 in tumor cell migration and proliferation in canine ECTCL.
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3.2. Materials and Methods

3.2.1. Cell line

The canine ECTCL cell line EO-1 was cultured in 75 cm? of RPMI 1640
supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, and
1% penicillin/streptomycin at 37°C in a humidified atmosphere of 5% CO». The culture
medium was changed three times each week. As the cell line validation, the doubling
time, morphology, and surface markers, such as CD3, CD8, TCR-gamma delta, CCR4,

and CCR7, were confirmed to be identical as previously reported (32).

3.2.2. KO of chemokine receptors in EO-1

The CRISPR/Cas9 system was used for the KO of the CCR4 or CCR7 genes
in EO-1 cells. The sequences of guide RNAs (gRNAs) for canine CCR4 and CCR7
were designed using CHOPCHOP (43) and CRISPR direct (56). gRNAs were as
follows: CCR4: 5'-TAAGCCTTGCACCAAAGAAG-3"and CCR7:5'-

AGATACGTACCTGCTCAACC-3'. gRNAs were inserted into the plasmid pGuide-it
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ZsGreen vector (Takara Bio Inc.). The plasmid vector was then transfected into EO-1
cells by electroporation using the Neon Transfection System (Thermo Fisher Scientific).
Transfected EO-1 cells were sorted based on green fluorescence by Cell Sorter SH800S
(Sony; Tokyo, Japan) and re-cultured. After a further incubation for three weeks,
CCR4KO and CCR7KO EO-1 cells were sorted according to the disappearance of
CCR4 and CCR7 expression, respectively.. Regarding the features of EO-1 cells
described above, no changes were detected in CCR4KO or CCR7KO EO-1 cells.

To evaluate the efficacy of KO on cell migration, a chemotaxis assay was
conducted in a 24-transwell plate with a 5-um pore insert (Corning Inc.). In brief,
mouse recombinant CCL17 (Bio Legend) and CCL19 (Prospec) were diluted in RPMI
1640 from 0.1 to 500 nmol/L, and 600 pL of the diluted solution was placed in the
lower chamber. WT, CCR4KO, and CCR7KO EO-1 cells were resuspended in RPMI
1640 at 1 x 107 cells/mL, and 100 ul of each cell suspension was added to the upper
chamber. After an incubation at 37°C for 3 hours under 5% CO,, the number of
migrated cells in the lower chamber was counted. The assay was independently

performed twice.

3.2.3. Xenograft mouse model
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Seven-week-old female NOD SCID mice were purchased from Charles River
Laboratories Japan, Inc.. Mice were maintained under specified pathogen-free
conditions and fed autoclaved food and water. As an adaptation period, mice were
observed for one week before xenograft implantation.

Mice were divided into three groups (WT, CCR4KO, and CCR7KO). A total
of 1 x 10% EO-1 cells were subcutaneously injected into the left thigh of four mice per
group under anesthesia with the inhalation of isoflurane (Pfizer, Tokyo, Japan). The
general condition of mice was monitored daily with measurements of body weight
every 3 days. Mice were sacrificed 28 days after xenograft implantation. Tissue samples
from skin, LNs, spleen, lung, liver, kidney, heart, and bone marrow were fixed in 10%
neutral buffered formalin and embedded in paraffin for immunohistochemistry (IHC).
Peripheral blood was collected in a heparin-containing syringe by cardiac puncture.
Subcutaneous nodular sizes were measured under the skin incision. All procedures
above were approved by the Institutional Animal Care and Use and Clinical Ethics

Committees of Gifu University (Accession number: 2020-254).

3.2.4. IHC
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Paraffin-embedded tissue sections (thickness of 3 um) were pretreated in
antigen retrieval solution (Dako; Glostrup, Denmark) by autoclaving at 121°C for 15
min followed by an incubation with either rabbit anti-human CD3 antibody (C7930,
Sigma-Aldrich; Saint Louis, MO, U.S.A.)(28, 54) or normal rabbit IgG isotype control
(FUJIFILM Wako Pure Chemical Corporation). Since T-cells cannot be recognized in
three-month-old SCID mice (62), CD3-positive cells represent EO-1 cells in this study.
After an overnight incubation at 4°C, sections were treated with a horseradish
peroxidase-labeled polymer (Dako). The chromogen 3,30-diaminobenzidine (DAB,
Dako) was used for the visualization of immunolabelling, followed by counterstaining
with hematoxylin. Slides were observed with an optical microscope (DM2500, Leica;

Wetzlar, Germany).

3.2.5. Quantitative evaluation of EO-1 cells in tissues

The distribution of EO-1 cells in each tissue was quantified using ImagelJ Fiji
software ver. 2.3.0 (10, 61) as previously described (19, 31, 41). In brief, hematoxylin

(non-EO-1 cell region) and DAB staining (EO-1 cell region) were separated from IHC
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images by a color deconvolution procedure. The area of each stain was then measured.
The area of infiltrated EO-1 cells was shown as a percentage of the DAB area in the

hematoxylin area.

3.2.6. Quantitative evaluation of EO-1 cells in peripheral blood

The white blood cells of mice were isolated from 100 uL of peripheral blood
by lysing buffer (BD Biosciences), followed by an incubation with FITC-conjugated
mouse anti-canine CD3 antibody (clone CA17.2A12, Bio-Rad Laboratories; Hercules,
CA, U.S.A)) in washing buffer at 4°C for 30 min. An appropriate isotype control (FITC-
conjugated mouse IgG1, clone MOPC-21, Bio Legend) was used. The percentage of
EO-1 cells, which were positive for CD3, in white blood cells was evaluated by a flow

cytometer (FACS Canto II).

3.2.7. Cell proliferation assay

Cell proliferation was examined using Cell Counting Kit-8 (CCK-8,

FUJIFILM Wako Pure Chemical Corporation) as previously reported (77). In brief, WT,
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CCR4KO, and CCR7KO EO-1 cells were seeded on 96-well plates at 2 x 10* cells/100
uL and treated with 100 ng/mL of recombinant murine CCL17, CCL19, CCL21
(PEPRO TECH; Cranbury, NJ, U.S.A.), or CCL22 (PEPRO TECH) for 0, 24, 48, or 72
hours. After the treatment, a coloring reagent of CCK-8 was added to each well
according to the manufacturer’s instructions and incubated at 37°C for 2 hours. The
optical density value of each well was measured using a microplate reader (Bio-Rad) at
a wavelength of 450 nm. Cell proliferation at each time point was shown as a

percentage relative to 0 hours. The assay was independently repeated three times.

3.2.8. Statistical analysis

Dunnett’s test was conducted to compare the distribution of EO-1 cells, the
body weight of mice, and the size of nodules and LNs between the WT and KO groups.
Cell proliferation was also compared between control cells and cells treated with
chemokines by Dunnett’s test. A value of P < 0.05 was considered to be significant.

Statistical analyses were performed using the JMP ver. 13.2.0 (SAS Institute).
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3.3. Results

3.3.1 Validation of KO

Flowcytometric analysis demonstrated that the proportion of both CCR4KO
and CCR7KO EO-1 cells reached more than 99% (Figure 3-1). In the chemotaxis assay,
neither CCR4KO nor CCR7KO EO-1 cells showed active chemotaxis to each

chemokine ligand (Figure 3-2).

3.3.2. Xenograft mouse model

All mice in each group gained weight until day 24 after xenograft

implantation. Only the weight of the WT group was significantly lower than those of the

other groups on day 27 (Figure 3-3).

3.3.3. Distribution of xenografted EO-1 cells

In all tissues and blood, the proportion of EO-1 cells was significantly lower
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in the CCR4KO and CCR7KO groups than in the WT group (Figure 3-4). In tissues,
EO-1 cells frequently localized around blood vessels. Normal lung structures
disappeared due to an increase of EO-1 cells in the WT group (Figure 3-5). Iliac
lymphadenopathy was observed in 4/4, 3/4, and 3/4 mice in the WT, CCR4KO, and
CCR7KO groups respectively, whereas mesenteric, inguinal, and bronchial
lymphadenopathies were only detected in the WT group (Table 3-1). Iliac LNs in the
WT group (diameter: 7.9 &+ 0.22 mm) were significantly larger (P < 0.001) than those in
the CCR4KO (5.0 = 0.71 mm) and CCR7KO (5.0 £ 0.41 mm) groups.

Lymphadenopathy was attributed to the massive infiltration of EO-1 cells.

3.3.4. Subcutaneous nodule formation

All mice developed nodules in the subcutis at which EO-1 cells had been

injected (Figure 3-6). Nodules were significantly smaller in the CCR4KO and CCR7KO

groups than in the WT group (Figure 3-7).

3.3.5. Cell proliferation assay

63



The average increase in cells treated with chemokine ligands was 301% in 48

hours, which was significantly higher than that of control cells at 246% (Figure 3-8 a).

In CCR4KO and CCR7KO cells, no significant differences were observed in cell

proliferation among the groups (Figure 3-8 b, c).
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3.4. Discussion

Results from flowcytometric analysis and chemotaxis assay in CCR4KO and

CCR7KO EO-1 cells showed that the procedure of KO was appropriately conducted,

whereas there were no changes in the features of EO-1 cells including cell surface

markers, morphology, and doubling time. These results suggested that the KO cells

enabled various studies to investigate the pathophysiological roles of CCR4 and CCR7

in ECTCL by comparing to the WT cells.

Immunohistochemical and flow cytometric analyses revealed that the

proportion of xenografted EO-1 cells in tissues and blood was significantly lower in the

CCR4KO and CCR7KO groups than in the WT group. Large amounts of infiltrating

EO-1 cells may induce multiple organ failure contributing to the decreased body weight

in the WT group. Histopathological observations of the WT group also showed that EO-

1 cells localized around blood vessels in metastatic tissues. Previous studies revealed

that tumor cells increased in perivascular sites after extravasation when injected

intravascularly (6, 39). Collectively, these findings and my results indicate that EO-1

cells infiltrate metastatic organs from blood vessels; therefore, the proportion of EO-1

cells in tissues has been attributed to the number of EO-1 cells in blood. No significant
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differences were observed in the types of metastatic organs among groups, indicating

that chemotaxis does not affect metastatic organs once EO-1 cells enter the circulation.

LNs are a crucial immune site for the antigen presentation of dendritic cells

and the activation of naive lymphocytes. Naive lymphocytes enter LNs via high

endothelial venules; however, recent studies showed that activated lymphocytes

returned to LNs from peripheral tissues through draining lymph vessels (5, 70). Cancer

cells have been shown to exploit draining lymph vessels for their exit from primary

locations and infiltration into LNs (33). Therefore, I focused on the migration of EO-1

cells into LNs. In chapter 3, LNs were only visible when enlarged with the infiltration

of EO-1 cells. In the WT group, iliac lymphadenopathy was detected in all four mice,

whereas the enlargement of mesenteric, inguinal, and bronchial LNs was recognized in

3/4, 2/4, and 1/4 mice, respectively. In the CCR4KO and CCR7KO groups,

lymphadenopathy was only observed in iliac LNs. Therefore, iliac lymphadenopathy

was detected in the WT, CCR4KO, and CCR7KO groups. Since iliac LNs are sentinel

LNs for the thigh, into which EO-1 cells were injected, it is plausible that EO-1 cells

left the subcutis and entered iliac LNs, followed by the circulation. The size of iliac LNs

was significantly smaller in the CCR4KO and CCR7KO groups, which may have

reduced the number of EO-1 cells in blood. Therefore, the reduction in chemotaxis to
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sentinel LNs appeared to contribute to the suppression of subsequent systemic

metastasis in the CCR4KO and CCR7KO groups. The most well-described chemokines

for cell migration to LNs are CCL19 and CCL21 (5); however, CCL22 was also shown

to be produced in large amounts by dendritic cells in LNs (57, 69), facilitating the

recruitment of CCR4-positive T-cells to LNs. In the CCR4KO and CCR7KO groups, an

interruption between CCR4 or CCR7 and their ligands appeared to inhibit the migration

of EO-1 cells from the subcutis to sentinel iliac LNs.

Subcutaneous nodule formation was significantly less in the CCR4KO and

CCR7KO groups than in the WT group. To establish whether chemokines facilitated

tumor growth, I conducted a cell proliferation assay, the results of which indicated that

chemokine ligands accelerated the proliferation of EO-1 cells, suggesting that CCR4

and CCR7 were also involved in tumor growth in canine ECTCL murine models.

However, it is uncertain whether the proportion of tumor cells in the metastatic organs

was attributed to the amounts of migrated cells or to the cell proliferation enhanced by

chemokines. Further studies are necessary to investigate the proliferation of tumor cells

in metastatic tissues by evaluating cellular markers for proliferation. In a previous study

on the role of the downstream signaling of CCL17/CCR4 in the proliferation of human

cervical cancer cells, the inhibition of cell proliferation by the blockade of various
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signaling molecules, including Akt, INK, STAT3, STATS5, MAPK, ERK, and NF«B,

under a CCL17 stimulation was examined. The findings obtained showed that the

blockade of only JNK or STATS decreased cell proliferation (45). In human lung cancer

cells, CCL21 was shown to induce cell proliferation with an increase in p-ERK (77).

Furthermore, the Akt pathway was involved in the cell proliferation of glioblastoma by

CCLS5/CCRS (85). Collectively, these findings suggest that signaling pathways with

INK, STATS, ERK, and Akt are involved in cell proliferation by canine CCR4 and

CCR7.

In conclusion, I demonstrated that CCR4 and CCR?7 facilitated the migration

of EO-1 cells to sentinel LNs, which contributed to subsequent systemic metastasis. The

results of chapter 3 indicated that CCR4 and CCR?7 also induced cell proliferation in

vitro and in vivo. Since systemic metastasis and local tumor growth are both serious

issues in cancer, not just in ECTCL, targeting chemokine receptors will be a novel

therapeutic option.
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3.5. Table and Figure

WT CCR4KO CCR7KO
Iliac 4 3 3
Mesenteric 3 0 0
Inguinal 2 0 0
Bronchial 1 0 0

Table 3-1. The number of mice with lymphadenopathy in each LN.

LNs were detected only when enlarged with the infiltration of EO-1 cells. Iliac

lymphadenopathy was recognized in the WT, CCR4KO and CCR7KO groups, whereas

other lymphadenopathies was observed only in the WT group.
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Figure 3-1. Expression analysis of CCR4 or CCR7 in WT and KO cells.

The histogram showed intensities by isotype controls (blue area) and antibodies (red area)

for CCR4 (a) or CCR7 (b).
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Results were shown as the means + SD of two independent experiments.
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groups. *P < 0.05, **P <0.01, ***P <0.001 by Dunnett’s test.
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Liver

Figure 3-5. Representative immunohistochemical images of the lung, liver, and kidney.

EO-1 cells were shown as DAB-stained CD3-positive cells. Scale bars represented 50 pm.
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Figure 3-6. Representative images of subcutaneous nodules.

A subcutaneous nodule was formed at the left thigh of the xenograft site in all mice.
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Figure 3-7. The major axis length of subcutaneous nodules. **P <0.01 by Dunnett’s test.
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Figure 3-8. Effects of chemokine ligands on the proliferation of EO-1 cells.

(a) WT EO-1 cells treated with vehicle (control) or CCL17, CCL19, CCL21, or CCL22.

(b) CCR4KO EO-1 cells treated with vehicle or CCL17 or 22. (¢) CCR7KO EO-1 cells

treated with vehicle or CCL19 or 21. Each bar represents the mean = SD of three

independent experiments. Cells treated with chemokines were compared with control

cells by Dunnett’s test (*P < 0.05, ***P < 0.001).
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General Conclusion
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Canine ECTCL is an intractable disease characterized by various skin lesions
and poor prognosis. Definitive causes of death have not been elucidated; however,
dissemination of neoplastic T-cells, such as formation of multiple skin lesions and
metastasis to LNs or distant organs, is considered a crucial prognostic factor (7). Several
studies on human ECTCL have shown clonal heterogeneity with multiple clones of
neoplastic T-cells being observed in different skin lesions from the same patients (29,
72), which may explain the diversity in skin lesions. In contrast, identical clones of
neoplastic T-cells were recognized in different skin lesions from canine ECTCL (35),
indicating the systemic migration of identical neoplastic T-cells. Further investigation
on the clonality and its association with skin lesions is necessary. The migration of
lymphocytes is physiologically regulated by the interaction between chemokines and
chemokine receptors. In canine ECTCL, CCR4 and CCR7 were highly translated in
skin lesions (9). These findings indicate CCR4 and CCR7 play an important role in the
migration of neoplastic T-cells. Therefore, I carried out a series of studies to investigate
the association between clonality and skin lesions, and to reveal the pathophysiological
roles of CCR4 and CCR?7 in canine ECTCL.

In chapter 1, I revealed the clonal heterogeneity of cutaneous neoplastic T-
cells, which was not associated with the clinical or histopathological features of skin
lesions. On the other hand, I also demonstrated identical clones in different skin lesions
and peripheral blood of some dogs with ECTCL, suggesting the systemic migration of

neoplastic T-cells, which required further investigation to elucidate mechanisms.
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In chapter 2, I validated the specificity of a detection tool for canine CCR7,
cCCL19-hlgG-Fc, to evaluate the expression of CCR7 in a canine ECTCL cell line EO-
1. The cCCL19-hlgG-Fc was confirmed to be specific to detect canine CCR7 by using
CCR7-transfectants. It was also shown that EO-1 cells expressed functional CCR7,
which exhibited the active chemotaxis to both canine and murine ligands.

In chapter 3, I evaluated the roles of CCR4 and CCR7 in a mouse model
xenografted with EO-1 cells. The results demonstrated that the dissemination of tumor
cells was significantly inhibited in the CCR4 and CCR7 KO groups. Subcutaneous
nodule formation at the xenograft site was also less in the KO groups, which suggested
CCR4 and CCR7 induced not only the migration but also the proliferation of tumor
cells.

In conclusion, my doctoral study indicated that systemic metastasis and local
tumor growth in canine ECTCL were enhanced by CCR4 and CCR7. Prospective
studies should be conducted to investigate whether CCR4 and CCR7 can be used as
novel therapeutics or prognostic factors which may lead to further classification for

canine ECTCL.
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