Regenerative Therapy 28 (2025) 301-313

JSRM

journal homepage: http://www.elsevier.com/locate/reth

. . . . Regenerative
Contents lists available at ScienceDirect Thgr-a‘ﬁy%
-~

Regenerative Therapy

Original Article

Canine adipose-derived mesenchymal stromal cells inhibit the growth | g
of canine hematologic malignancy cell lines T

Yuyo Yasumura ?, Takahiro Teshima ™ *, Tomokazu Nagashima ¢, Masaki Michishita ¢,
Hiroki Shigechika °, Yoshiaki Taira ¢, Ryohei Suzuki ¢, Hirotaka Matsumoto

2 Laboratory of Veterinary Internal Medicine, School of Veterinary Medicine, Nippon Veterinary and Life Science University, Musashino, Tokyo 180-8602,

Japan

b Research Center for Animal Life Science, Nippon Veterinary and Life Science University, Musashino, Tokyo 180-8602, Japan
¢ Laboratory of Veterinary Pathology, School of Veterinary Medicine, Nippon Veterinary and Life Science University, Musashino, Tokyo 180-8602, Japan

ARTICLE INFO

Article history:

Received 15 October 2024
Received in revised form

11 December 2024
Accepted 26 December 2024

Keywords:

Canine

Mesenchymal stromal cells
Lymphoma

Leukemia

Chronic inflammatory enteropathy
Safety

ABSTRACT

Introduction: Intestinal lymphoma may be latent in some dogs with chronic inflammatory enteropathy.
Mesenchymal stromal cells (MSCs) have potential therapeutic applications for refractory chronic in-
flammatory enteropathy, but their impact on the development of potential intestinal lymphomas has not
yet been evaluated. Therefore, this study was performed to investigate the effect of canine adipose-
derived MSCs (cADSCs) on the growth of canine lymphoma cell lines to assess the safety of MSC-
based therapy in terms of pro- and anti-tumorigenic effects.
Methods: CADSCs were co-cultured with canine lymphoma/leukemia cell lines of various lineages, with
or without cell-to-cell contact, to evaluate their effects on proliferation, apoptosis, and cell cycle pro-
gression in vitro. Additionally, a bioluminescent canine lymphoma cell line, established through firefly
luciferase transduction, was co-injected with varying doses of cADSCs into immunocompromised mice.
The growth of canine lymphoma cells was monitored over time in vivo using bioluminescence imaging.
Results: CADSCs inhibited the proliferation of all canine lymphoma/leukemia cell lines in a dose-
dependent manner in vitro, under conditions allowing cell-to-cell contact. This inhibition occurred via
the induction of apoptosis, GO/G1 phase cell cycle arrest, or both mechanisms. However, these effects
were lost when the cells were physically separated using Transwell inserts. In xenotransplantation
mouse models, cADSCs dose-dependently inhibited canine lymphoma cell growth and lung metastasis,
as indicated by reduced bioluminescence signals.
Conclusions: This study has demonstrated for the first time that cADSCs inhibit the growth of different
lineages of canine lymphoma/leukemia cells both in vitro and in vivo. These findings suggest that MSC-
based cell therapy could potentially be applied to canine chronic inflammatory enteropathy without
increasing the risk of promoting the growth of latent intestinal lymphomas.
© 2024 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative
Medicine. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

inflammatory conditions. MSCs exert anti-inflammatory, immu-
nomodulatory, and angiogenic effects mediated by membrane

Mesenchymal stromal cells (MSCs) have been extensively
studied in both human and veterinary medicine as a promising
cell source for treating various diseases, including chronic
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molecules and soluble factors such as cytokines and growth factors.
Diseases that naturally occur in companion animals, such as dogs,
may better reflect the complex genetic, environmental, and phys-
iological variations seen in humans, making them clinically rele-
vant models for human disease and an important bridge between
basic and preclinical research and human clinical trials [1]. To date,
clinical trials in veterinary medicine have shown that MSCs have
therapeutic effects in dogs with joint, spinal, neuromuscular, skin,
gastrointestinal, and ocular diseases [2]. However, many safety
concerns must be addressed before MSC-based therapies can be
integrated into veterinary clinical practice. One of the major
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Abbreviations

ALL acute lymphoblastic leukemia

BCL B-cell lymphoma

BMSCs bone marrow-derived mesenchymal stromal cells

cADSCs  canine adipose-derived mesenchymal stromal
cells

CCR chemokine receptor

CDK cyclin-dependent kinase

CIE chronic inflammatory enteropathy

DMEM Dulbecco's Modified Eagle's Medium

fLuc firefly luciferase

HIF hypoxia-inducible factor

LL lymphoma/leukemia

MSCs mesenchymal stromal cells

oD optical density

PBS phosphate-buffered saline

PI propidium iodide

pPRb retinoblastoma protein

TCL T-cell lymphoma

TGF-B transforming growth factor-f

TIMP tissue inhibitors of metalloproteinase

UCMSCs umbilical cord-derived mesenchymal stromal
cells

concerns is that MSCs may affect, or even promote, the develop-
ment of malignancies in patients.

Accumulating evidence suggests that human MSCs may promote
the development of various solid malignancies, including breast
cancer, through mechanisms such as differentiation into tumor-
associated fibroblasts, suppression of immune responses, promo-
tion of tumor angiogenesis, stimulation of epithelial—-mesenchymal
transition, formation of a tumor-supportive microenvironment, and
inhibition of tumor cell apoptosis [3—5]. Although few studies in
veterinary medicine have explored the effects of MSCs on malignant
tumor cells, our group previously demonstrated that canine
adipose-derived MSCs (cADSCs) promoted the proliferation and
invasion of a canine hepatocellular carcinoma cell line in vitro [6].
Conversely, many studies have shown that human MSCs inhibit the
development of malignancies such as Kaposi's sarcoma by
increasing inflammatory infiltration, inhibiting tumor angiogenesis,
suppressing Wnt and Akt signaling, modulating the cell cycle, and
inducing apoptosis of tumor cells [3,7]. Thus, MSCs appear to play a
dual role in tumor development, exerting either pro- or anti-
tumorigenic effects depending on various factors, including the
source of the MSCs and the type of tumor. To ensure the success of
MSC-based therapies without promoting potential malignancies, it
is crucial to study the interactions between MSCs and different tu-
mor cell types in detail.

Chronic inflammatory enteropathy (CIE) is a spontaneous
gastrointestinal disorder in dogs that resembles inflammatory bowel
disease in humans. It is characterized by chronic gastrointestinal
symptoms lasting more than 3 weeks and inflammatory cell infil-
tration of the intestinal mucosa. The condition has multiple etiol-
ogies, including genetic and environmental factors, disturbances in
the gut microbiota, and immune dysregulation [8]. Standard treat-
ments for dogs with CIE include dietary therapy, antibiotics, and
corticosteroids, but approximately 5 %—27 % of dogs do not respond
to these treatments and have a poor prognosis [9]. MSC-based ther-
apy is being considered for refractory CIE in dogs, with promising
therapeutic effects of cADSCs reported in both preclinical and clinical
studies [10,11]. Notably, intestinal lymphoma may be present in some
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dogs with CIE. Canine primary intestinal lymphoma, predominantly
of T-cell origin, is treated with lomustine (CCNU)-based chemo-
therapy protocols; however, the median survival time is less than 62
days [12]. Lymphoplasmacytic enteritis, a common feature of CIE, can
be difficult to distinguish from small cell intestinal lymphoma
because of their similar clinical presentations and histopathologic
findings [8,13]. Clonality testing using polymerase chain reaction for
antigen receptor rearrangement and immunohistochemistry for CD3
and CD20 may improve diagnostic accuracy, but these methods are
not always sensitive enough to detect canine intestinal lymphomas
[13—15]. Therefore, the application of MSC-based therapy for CIE
could potentially influence the progression of undiagnosed intestinal
lymphomas.

Although the role of MSCs in hematologic malignancies such as
lymphomas and leukemias is less completely understood than in
solid tumors, human MSCs also appear to have dual effects on
lymphoma/leukemia (LL) cells, either supporting or inhibiting their
development by differentially affecting apoptosis and the cell cycle
[16]. However, no studies have investigated the effects of canine
MSCs on the development of hematologic malignancies in dogs;
thus, the risk of MSC-based therapy promoting the progression of
intestinal lymphoma in CIE remains unknown. Given this, the
purpose of our study was to evaluate the safety of MSC-based
therapy for CIE, focusing on its potential pro-tumorigenic charac-
teristics. To this end, we investigated the effects of cADSCs on the
proliferation, apoptosis, and cell cycle of various canine LL cell lines
in vitro, as well as the growth of an intestinal lymphoma cell line
derived from a dog in vivo.

2. Methods
2.1. Isolation, culture, and characterization of cADSCs

cADSCs were isolated from the falciform ligament fat aseptically
collected under anesthesia from five healthy male beagle dogs (mean
age, 2.2 years; mean weight, 10.5 kg), as previously described [17].
Dogs were premedicated with intravenous medetomidine (domitor
1 mg/mL; Zenoaq, Koriyama, Japan) 5 pg/kg body weight, then
anesthesia was induced with intravenous propofol (propofol 10 mg/
mL; Maruishi Pharmaceutical, Tokyo, Japan) 1—-8 mg/kg body weight
to effect, and maintained with isoflurane (ds isoflurane; DS Pharma,
Osaka, Japan) mixed with oxygen. Postoperative analgesia of the dogs
was performed by subcutaneous injection of 20 pug/kg body weight of
buprenorphine (lepetan 0.2 mg/mL; Otsuka Pharmaceutical, Tokyo,
Japan) every 8 h. The adipose tissue was digested in Dulbecco's
Modified Eagle's Medium (DMEM) containing 1.5 % collagenase type [
(Sigma-Aldrich, St. Louis, MO, USA) with gentle agitation at 37 °C for
1 h, followed by centrifugation at 700xg for 5 min to obtain cell
pellets containing stromal vascular fractions. The pellets were
resuspended in DMEM, filtered through a 100-pm nylon mesh, and
centrifuged at 400 x g for 5 min to remove residue in the supernatant.
The pellets were then suspended in DMEM complete medium
(DMEM supplemented with 10 % fetal bovine serum and 1 % pen-
icillin—streptomycin), plated in T-75 culture flasks, and incubated
overnight in a humidified atmosphere with 5 % CO, at 37 °C. The
medium was changed every 2—3 days, and once 70 %—80 % conflu-
ence was reached, the cells were detached using trypsin-EDTA so-
lution and passaged. All experiments used cADSCs at passages 2 to 3.
As previously reported [17], cADSCs were confirmed for distinctive
surface marker expression patterns (CD29, CD44, and CD90 positive;
CD34, CD45, and HLA-DR negative) and tri-lineage differentiation
potential (adipogenesis, osteogenesis, and chondrogenesis). Details
of the antibodies used to identify cell surface markers of cADSCs are
shown in Supplementary Table S1.
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All animal experiments were approved by the Bioethics Com-
mittee of Nippon Veterinary and Life Science University (approval
number 2021S-40; September 8, 2021 and 2024S-25; July 26, 2024).
Animals were handled in accordance with the animal care guide-
lines of the Institute of Laboratory Animal Resources of Nippon
Veterinary and Life Science University, which conform to national
and international guidelines, including the ARRIVE guidelines.

2.2. Culture of canine LL cell lines

Six previously established canine LL cell lines were used in this
study: CLC [18], CLK [18], and Ema [18] cells were kindly provided
by Dr. Takuya Mizuno (Yamaguchi University, Japan), and CL-1 [19],
UL-1 [18], and GL-1 [20] cells were kindly provided by Dr. Hirotaka
Tomiyasu (University of Tokyo, Japan). CLC, CLK, Ema, and CL-1 cells
were characterized as T-cell lymphoma (TCL), UL-1 as T-cell acute
lymphoblastic leukemia (ALL), and GL-1 as a B-cell ALL phenotype
[18—21]. All LL cell lines were cultured in RPMI complete medium
(RPMI-1640 supplemented with 10 % fetal bovine serum, 1 %
penicillin—streptomycin, and 50 uM 2-mercaptoethanol) in a hu-
midified atmosphere with 5 % CO, at 37 °C. The cells were main-
tained by passaging every 2 days.

2.3. Proliferation inhibition assay of LL cell lines

cADSCs were thawed, suspended in DMEM complete medium,
plated on 150-mm cell culture dishes, and incubated in 5 % CO, at
37 °C for 3 days. The cells were then detached and treated with
40 pg/mL mitomycin C (Nacalai Tesque, Kyoto, Japan) at 37 °Cfor3 h
with occasional agitation. After treatment, the cells were washed
twice with phosphate-buffered saline (PBS), resuspended in DMEM
complete medium, and plated directly into 96-well plates at den-
sities of 1 x 103, 5 x 103, or 2 x 10% cells/well in 0.1 mL medium.
Alternatively, they were plated at 5 x 10> cells/well in 0.1 mL me-
dium on Transwell membranes (Corning Inc., Corning, NY, USA) and
incubated overnight.

After incubation, the medium was removed, and CLC, CLK, Ema,
CL-1, UL-1, and GL-1 cells were added either to the top of the wells
with or without cADSCs, or to the bottom of the Transwell mem-
branes with or without cADSCs, at a density of 5 x 10> cells/well in
0.1 mL RPMI complete medium. These cultures were then incu-
bated in 5 % CO, at 37 °C for 24, 48, and 72 h. Wells without cells
and those containing only mitomycin C-treated cADSCs were used
as blanks and controls, respectively. After the incubation period, a
Cell Counting Kit-8 reagent (Dojindo, Kumamoto, Japan) was added
to each well and incubated for an additional 2 h.

The number of viable cells at each time point was measured by
the optical density (OD) at 450 nm using a Synergy HT Microplate
Reader (BioTek, Winooski, VT, USA). The OD4s5¢ values were calcu-
lated as follows: ODys59 of LL cells with cADSCs minus ODysg of
cADSCs alone. Cell proliferation was determined by calculating the
fold change in ODg4s50 at each time point relative to the OD4s¢ after
24 h of co-culture.

2.4. Apoptosis assay of LL cell lines

cADSCs were plated into six-well plates or onto Transwell
membranes at a density of 2 x 10° cells/well in DMEM complete
medium and incubated overnight to allow for cell attachment. The
medium was then removed, and LL cells were added at
2 x 10 cells/well in 3 mL of RPMI complete medium, either directly
to the wells with or without cADSCs or to the bottom of the
membranes with cADSCs, and cultured. After 72 h, the floating LL
cells were separated from the cADSCs by gentle pipetting or by
removing the membrane. The LL cells were then collected and
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stained using an FITC Annexin-V Apoptosis Detection Kit with
propidium iodide (PI) (BioLegend, San Diego, CA, USA), following
the manufacturer's instructions.

Apoptotic cells were measured by flow cytometry, identifying
cells positive for Annexin V alone or in combination with PI. Flow
cytometry was performed using a CytoFLEX instrument (Beckman
Coulter, Brea, CA, USA), and data were analyzed using CytExpert
version 2.0 software.

2.5. Cell cycle distribution analysis of LL cell lines

As in the apoptosis assay, cADSCs and LL cells were co-cultured
at a 1:1 ratio in six-well plates, either directly or indirectly using
Transwell inserts, for 72 h. Afterward, the floating LL cells were
collected. The LL cells were then stained using a Cell Cycle Assay
Solution Deep Red (Dojindo) according to the manufacturer's in-
structions. The percentage of cells in the GO/G1, S, and G2/M phases
of the cell cycle was determined by flow cytometry.

2.6. Transduction of firefly luciferase gene into CLC lymphoma cells

Lentiviral vectors were used to transduce the firefly luciferase
(fLuc) gene into CLC cells using the pLV[Exp]-Neo-CMV > Luciferase
vector, which was constructed and packaged by VectorBuilder
(Chicago, IL, USA). The vector ID VB90088-2567cxn can be used to
retrieve detailed information about the vectors on vectorbuilder.
com. CLC cells were plated in six-well plates and infected in 2 mL
RPMI with 8 pg/mL polybrene (VectorBuilder) and lentivirus at a
multiplicity of infection of 10 for 24 h. The cells were then washed
twice with PBS, resuspended in 3 mL of RPMI complete medium,
and plated in six-well plates. They were incubated in 5 % CO, at
37 °C.

After 48 h, the cells were suspended in RPMI complete medium
supplemented with 1 mg/mL G-418 (Promega, Madison, WI, USA)
for clonal selection and cultured for 10 days, with the medium
changed every 2 days. Following clonal selection, CLC/fLuc cells
were plated in 24-well plates at concentrations ranging from
1 x 10* to 1 x 107 cells/well in 1 mL PBS. Bioluminescence was
captured using a Fusion FX7 imaging system (Vilber, Marne-la-
Valée, France) immediately after adding 10 L of D-luciferin (30 mg/
mL; Abcam, Cambridge, UK) to each well to confirm fLuc expres-
sion. The bioluminescence and image data were analyzed using
Kuant version 2.4 software (Vilber), and the CLC/fLuc clones with
the highest luciferase activity were selected for subsequent
experiments.

2.7. Bioluminescent canine lymphoma cell xenotransplantation and
cADSC treatment in immunocompromised mice

Twenty-four 6-week-old male SCID/Beige mice were purchased
from Jackson Laboratory Japan (Kanagawa, Japan), housed and
handled aseptically in autoclaved isolator cages with temperature
and light control, and provided ad libitum access to sterile water
and food. The xenotransplantation model of bioluminescent canine
lymphoma cells was established by subcutaneous injection of
1 x 10° CLC/fLuc cells suspended in 100 pL of PBS into the lumbar
region of the mice. The mice were divided into four groups ac-
cording to the number of cADSCs co-injected with CLC/fLuc cells as
follows (n = 6/group):

e Control group: injected with 100 pL of PBS without cADSCs

e Low-dose group: injected with 2 x 10% cADSCs (CLC/fLuc:
cADSC = 1:0.2)

e Equal-dose group: injected with 1 x 10° cADSCs (CLC/fLuc:
cADSC = 1:1)
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e High-dose group: injected with 1 x 10® cADSCs (CLC/fLuc:
cADSC = 1:10)

Injections of cADSCs without CLC/fLuc cells were repeated on
days 7 and 14 at the indicated doses. The mice underwent biolu-
minescence imaging on days 0, 7, 14, and 21. The mice were sacri-
ficed on day 22, and the subcutaneous tumor masses were
harvested for weight measurement while the lungs were collected
for ex vivo bioluminescence imaging.

2.8. Bioluminescence imaging

Mice inoculated with CLC/fLuc cells, with or without cADSC
treatment, were anesthetized using a three-anesthetic mixture of
medetomidine, midazolam, and butorphanol followed by an
intraperitoneal injection of 150 mg/kg D-luciferin. The mice were
placed in the imaging chamber, and 20 min after D-luciferin in-
jection, they were imaged in the prone position with a 2-min
exposure time using a Fusion FX7 imaging system.

For ex vivo bioluminescence imaging of the lungs, the anes-
thetized mice were euthanized by exsanguination through cardiac
blood collection 2 min after D-luciferin injection, and their lungs
were quickly harvested. The harvested lungs were soaked in 500 pL of
D-luciferin (0.3 mg/mL) and immediately imaged with a 2-min
exposure time. Bioluminescence data from all mice and lung sam-
ples at each time point were analyzed using Kuant software. The
bioluminescence intensity was quantified by setting the region of
interest on the image where the bioluminescence signal was overlaid.

2.9. Histological examination

Tumor mass samples from the mice were fixed in 10 % neutral-
buffered formalin for 24 h after weight measurement. The samples
were then transferred to 100 % ethanol, embedded in paraffin,
sectioned into 3-um slices, and stained with hematoxylin and
eosin. Histological evaluations of the sections were performed by
two pathologists.

2.10. Statistical analysis

All data are presented as the mean + standard deviation. The
normality of the data was tested using the Shapiro—Wilks
normality test. For differences between multiple groups, normally
distributed data were analyzed with one-way analysis of variance
and compared using Dunnett's test or the Tukey—Kramer multiple
comparison post hoc test. Non-normally distributed data were
analyzed with the Kruskal-Wallis test and compared using the
Steel-Dwass post hoc test. A p-value of <0.05 was considered
statistically significant. Statistical analyses were performed using R
Commander 4.1.2.

3. Results

3.1. cADSCs inhibit the proliferation of canine LL cell lines via cell-
to-cell contact in vitro

We first investigated the effect of cADSCs on the proliferation of
canine hematologic malignancy cells in vitro. For this purpose, CLC,
CLK, Ema, and CL-1 (TCL) cells; UL-1 (T-ALL) cells; and GL-1 (B-ALL)
cells were co-cultured directly with cADSCs at ratios of 0.2, 1, or 5
cADSCs per LL cell for 72 h cADSCs exhibited a proliferation-
inhibitory effect on LL cells across all lineages, with the effect
becoming stronger as both the number of cADSCs and the co-
culture time increased (Fig. 1a). By contrast, when LL cell lines
were co-cultured with cADSCs without direct cell-to-cell contact
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using Transwell inserts (which allow diffusion of soluble factors but
prevent physical contact), proliferation was not inhibited in any LL
cell line and was instead promoted in Ema cells (Fig. 1b).

3.2. cADSCs differentially affect survival and cell cycle of different LL
cell lines in vitro

Previous studies have shown that the effects of human and
mouse MSCs on the proliferation of hematologic malignancy cells
are mediated through the regulation of tumor cell apoptosis and
the cell cycle [15]. To explore the mechanisms by which cADSCs
influence canine LL cell proliferation, we investigated the apoptosis
and cell cycle of LL cells co-cultured with or without cADSCs.
Apoptosis was measured by flow cytometry as the frequency of
cells positive for Annexin V and/or PI. Compared to LL cells cultured
alone, direct co-culture with cADSCs at a 1:1 ratio for 72 h signifi-
cantly induced apoptosis in the TCL cell lines CLC, CLK, Ema, and CL-
1. However, apoptosis was not induced in the T-ALL cell line UL-1,
and apoptosis was suppressed rather than induced in the B-ALL
cell line GL-1 (Fig. 2a—f).

By contrast, when cADSCs and LL cells were separated using a
Transwell system, apoptosis was only induced in CLC cells, and the
pro-apoptotic or anti-apoptotic effects of cADSCs were lost in the
other LL cell lines (Fig. 2a—f).

To further investigate, LL cells were co-cultured with or without
cADSCs at a 1:1 ratio for 72 h, and their cell cycle distribution was
analyzed. Ema, CL-1, UL-1, and GL-1 showed an increased propor-
tion of cells in the GO/G1 phase and a decreased proportion in the
G2/M phase after co-culture with cADSCs compared with mono-
culture. By contrast, CLC and CLK showed no significant changes in
the proportions of cells in each phase (Fig. 3a—f). When cADSCs and
LL cells were co-cultured with physical separation, CLC exhibited a
decrease in GO/G1 phase cells and an increase in G2/M phase cells,
while Ema showed a decrease in GO/G1 phase cells and an increase
in S and G2/M phase cells. However, the other cell lines showed no
significant changes (Fig. 3a—f).

A summary of these in vitro experiment results is provided in
Table 1.

3.3. Establishment of bioluminescent canine lymphoma cell line
with transduction of fLuc gene

We next examined the effect of cADSCs on the growth of canine
lymphoma cell lines in vivo. Because the goal of this study was to
investigate the effect of cCADSCs on potential intestinal lymphoma
in dogs with CIE, we used CLC lymphoma cells, which were pre-
viously isolated from a dog with a clinical diagnosis of gastroin-
testinal lymphoma with cytology of abdominal lymph node and
have been reported to have the highest proliferative capacity both
in vitro and in immunocompromised mice [18]. The fLuc gene was
transduced by infecting CLC cells with a lentiviral vector to estab-
lish the bioluminescent canine lymphoma cell line CLC/fLuc, which
allows for tracking tumor growth in vivo. No morphological dif-
ferences were observed between the naive CLC cells and the
transduced CLC/fLuc cells (Fig. 4a). The bioluminescence intensity
was directly proportional to the number of viable CLC/fLuc cells,
confirming that higher detected luminescence indicates a greater
number of tumor cells (Fig. 4b).

3.4. cADSCs inhibit canine lymphoma cell growth in
xenotransplantation mouse models in a dose-dependent manner

To investigate the direct effect of cADSCs on the in vivo growth
of canine lymphoma cells, CLC/fLuc cells were co-injected subcu-
taneously with different numbers of cADSCs into SCID/Beige mice,
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Fig. 2. Differential effects of canine adipose-derived mesenchymal stromal cells (cADSCs) on leukemia/lymphoma (LL) cell survival. LL cells were cultured alone or co-cultured
directly or indirectly with cADSCs at a 1:1 ratio for 72 h, followed by flow cytometry to assess the frequency of Annexin V and/or propidium iodide (PI)-positive apoptotic cells.
Representative dot plots and the frequency of apoptotic cells under different culture conditions are shown for (a) CLC, (b) CLK, (c) Ema, (d) CL-1, (e) UL-1, and (f) GL-1. Red boxes
indicate Annexin V and/or PI-positive apoptotic cells. Data are expressed as the mean =+ standard deviation from experiments performed in triplicate (n = 3). *p < 0.05, ***p < 0.001
vs. LL cells cultured alone.
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Fig. 3. Differential effects of canine adipose-derived mesenchymal stromal cells (cADSCs) on the cell cycle of leukemia/lymphoma (LL) cells. LL cells were cultured alone or co-
cultured with cADSCs at a 1:1 ratio for 72 h, after which they were collected and subjected to cell cycle distribution analysis by flow cytometry. Representative histograms and
the proportions of cells in the GO/G1, S, and G2/M phases under different culture conditions are shown for (a) CLC, (b) CLK, (c) Ema, (d) CL-1, (e) UL-1, and (f) GL-1. Data are expressed
as the mean =+ standard deviation from experiments performed in triplicate (n = 3). *p < 0.05, **p < 0.01 vs. LL cells cultured alone.
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Table 1
Summary of in vitro experiments.
Direct co-culture Transwell
Proliferation Apoptosis Cell cycle Proliferation Apoptosis Cell cycle
CLC Inhibited Induced No effect No effect Induced G2/M increased
CLK Inhibited Induced No effect No effect No effect No effect
Ema Inhibited Induced GO/G1 arrested No effect No effect G2/M and S increased
CL-1 Inhibited Induced GO/G1 arrested No effect No effect No effect
UL-1 Inhibited No effect GO/G1 arrested No effect No effect No effect
GL-1 Inhibited Suppressed GO/G1 arrested No effect No effect No effect

which are characterized by dysfunction in T and B lymphocytes as
well as natural killer cells. The mice received weekly injections of
the same dose of cADSCs as the initial injection, and lymphoma cell
growth was monitored over time using weekly bioluminescence
imaging until the mice were sacrificed on day 22.
Bioluminescence signals were detected in all mice injected with
CLC/fLuc cells, regardless of whether cADSCs were co-injected, and
the intensity increased over time (Fig. 5a). However, mice co-
injected with higher doses of cADSCs exhibited lower biolumi-
nescence intensity at each time point than those co-injected with
lower doses or no cADSCs (Fig. 5b). By day 21, mice co-injected with
any dose of cADSCs did not show higher bioluminescence intensity
than those without cADSCs (Fig. 5c). Consistent with the biolumi-
nescence imaging results, the tumor mass weight removed from
the sacrificed mice was similar between the low-dose group (CLC/
fLuc:cADSC = 1:0.2) and the control group (CLC/fLuc:cADSC = 1:0),
but significantly lower in the equal-dose (CLC/fLuc:cADSC = 1:1)
and high-dose (CLC/fLuc:cADSC = 1:10) groups (Fig. 5d and e).
Histopathologic examination revealed that the tumors formed
in the xenografts had a similar histology across all groups (Fig. 5f).
The tumors were characterized by a diffuse proliferation of large
cells with round to irregular nuclei, prominent nucleoli, and a small
amount of amphophilic cytoplasm, with frequent mitotic figures.

- CLC CLC/fLuc

Luminescence
5000

1x104
—

Fig. 4. Establishment of firefly luciferase (fLuc)-expressing canine lymphoma cell line.
(a) Microscopic morphology of naive CLC cells (left panel) and CLC/fLuc cells trans-
duced with lentiviral vectors (right panel). Scale bar = 100 um. (b) Luciferase activity of
CLC/fLuc cells plated at graded cell numbers from 10* to 107, evaluated by detecting
bioluminescence using the Fusion FX7 imaging system. The bioluminescence signal is
depicted as pseudocolor (red = intense, blue = less intense), and the color scale in-
dicates luminescence intensity per pixel.
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This indicated that the tumors were primarily composed of lym-
phoma cells rather than spindle-shaped stromal cells. Necrosis was
observed more frequently in the control and low-dose groups,
which had larger tumor masses, suggesting that the necrosis was
due to increased intracapsular pressure from tumor growth rather
than a pro-apoptotic effect of cADSCs.

These data suggest that cADSCs inhibit, rather than promote, the
growth of canine lymphoma cells in immunocompromised mice.

3.5. cADSCs delay the development of canine lymphoma cell
metastasis

While it has been reported that human MSCs promote breast
cancer cell metastasis by secreting chemokine ligand type 5 [22],
they have also been shown to inhibit breast cancer cell growth and
metastasis by blocking the phosphoinositide 3-kinase/protein Kki-
nase B signaling pathway [23]. Given these conflicting effects of
MSCs on metastatic development and tumor cell growth, we
investigated the effects of cADSCs on the metastasis of canine
lymphoma cells in our xenotransplantation model.

As shown in Fig. 6a, a representative ex vivo bioluminescence
image of major organs from a sacrificed xenotransplantation
mouse, bioluminescence signals indicating the presence of CLC/fLuc
cells were detected only in the lungs of all mice. Mice without
cADSC treatment and those treated with low doses of cADSCs
exhibited comparably high lung bioluminescence intensity, while
the intensity was lower in mice treated with higher doses of
cADSCs. Notably, in two mice treated with high doses of cADSCs (2/
6, 33 %), no bioluminescence signal was detected in the lungs
(Fig. 6b and c). These findings indicate that cADSCs dose-
dependently inhibited the development of canine lymphoma cell
metastasis in immunocompromised mice.

4. Discussion

We investigated the effect of cADSCs on the proliferation of
canine LL cells of different lineages to assess the safety of MSC-
based therapy in terms of tumor development. Our results
demonstrated that cADSCs inhibited the proliferation of all canine
LL cell lineages in vitro through cell-to-cell contact in a time- and
dose-dependent manner. To the best of our knowledge, this is the
first study to report the inhibitory effect of cADSCs on the prolif-
eration of canine LL cell lines.

However, conflicting effects of human MSCs on the proliferation
of hematologic malignancy cells in vitro have been reported, with
studies showing either inhibitory or promotional effects. Tian et al.
[24] reported that human umbilical cord-derived MSCs (UCMSCs)
markedly inhibited proliferation of the acute promyelocytic leu-
kemia cell line HL-60 and the chronic myelogenous leukemia cell
line K562 in vitro by arresting the cell cycle in the GO/G1 phase
through phosphorylation of p38 mitogen-activated protein kinase.
Similarly, Yuan et al. [25] reported that human UCMSCs induced
GO0/G1 phase arrest and inhibited proliferation of the T-ALL cell line
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Fig. 5. Growth inhibitory effect of canine adipose-derived mesenchymal stromal cells (CADSCs) on canine bioluminescent lymphoma cells in xenotransplantation mouse models.
(a) Representative bioluminescence images on days 7, 14, and 21 showing tumor growth in CLC/fLuc cell xenotransplantation mouse models treated with different doses of cADSCs.
(b) Changes in mean luminescence intensity in the tumor region from day 0 to day 21 in xenotransplantation mouse models treated with different doses of cADSCs. (c) Comparison
of mean luminescence intensity in the tumor region on day 21 in mice treated with different doses of cADSCs. (d) Macroscopic images of tumor masses (yellow arrowhead) in
xenotransplantation mouse models treated with different doses of cADSCs and sacrificed on day 22. (e) Comparison of mean tumor mass weight on day 22 in xenotransplantation
mouse models treated with different doses of cADSCs. (f) Histological images of tumor masses in xenotransplantation mouse models treated with high-dose cADSCs (right panel) or
without cADSC treatment (left panel). Black arrows indicate necrotic nests in the inner layer of the tumor mass. Scale bar = 100 pm. Data are expressed as the mean + standard
deviation (n = 6). *p < 0.05, ***p < 0.001 vs. control group (CLC/fLuc:cADSC = 1:0).
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Fig. 6. Inhibitory effect of canine adipose-derived mesenchymal stromal cells (cADSCs) on metastatic development of canine bioluminescent lymphoma cells. (a) Representative
ex vivo bioluminescence image of major organs from a sacrificed xenotransplantation mouse model. (b) Bioluminescence images of lungs taken from xenotransplantation mouse
models treated with different doses of cADSCs. (c) Comparison of mean luminescence intensity in the lungs on day 22 in mice treated with different doses of cADSCs. Data are
expressed as the mean + standard deviation (n = 6). *p < 0.05, **p < 0.01 vs. control group (CLC/fLuc:cADSC = 1:0).

Jurkat. By contrast, Panayiotidis et al. [26] showed that human bone
marrow-derived MSCs (BMSCs) protected tumor cells derived from
patients with B-chronic lymphocytic leukemia from apoptosis via
direct adhesion, thereby prolonging cell survival. Likewise, Nwabo
Kamdje et al. [27] demonstrated that human BMSCs exert anti-
apoptotic effects on leukemic cells from patients with B-ALL,
mediated by the activation of Notch signaling through cell-to-cell
contact.

As in these studies, most reports of the anti-tumorigenic effects
of MSCs involve immortalized LL cell lines, while studies reporting
pro-tumorigenic effects have typically used primary LL cells
derived from patients [16]. Immortalized cell lines may harbor
significant mutations that alter primary cell traits, which has also
been suggested for the cell lines used in this study [18,21,28,29].
These differences in cell traits may contribute to the conflicting
effects of MSCs on tumor cell proliferation. Therefore, similar
studies using primary canine LL cells are needed to ensure the
safety of MSC-based therapies in veterinary medicine.

Multiple mechanisms have been proposed by which human
MSCs inhibit the proliferation of hematologic malignancy cells
in vitro. The most widely accepted of these mechanisms is that
MSCs induce cell cycle arrest in tumor cells. Liang et al. [30] showed
that a human bone marrow fibroblastoid stromal cell line induces
GO/G1 phase arrest and inhibits cell proliferation by regulating the
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expression of specific cell cycle-related genes in HL-60 cells. Simi-
larly, Sarmadi et al. [31] demonstrated that human BMSCs inhibit
cell proliferation by arresting the cell cycle of Jurkat cells and the B-
cell progenitor leukemia cell line BV173 at the GO/G1 phase via
intercellular contact. Additionally, it has been reported that human
MSCs can induce tumor cell death. For example, Ahn et al. [32]
reported that co-culture of human ADSCs with the mouse TCL cell
line EL4 induces apoptosis by activating caspase-3 and causing
cleavage of poly ADP-ribose polymerase in EL4 cells.

Consistent with these reports, our results demonstrate that
CcADSCs inhibit canine LL cell proliferation in vitro by modulating
cell survival and/or the cell cycle. However, cADSCs had different
effects on the survival and cell cycle of various cell lines. Specif-
ically, cell proliferation was inhibited in CLC and CLK cells through
the induction of cell death, in UL-1 and GL-1 cells through the in-
duction of GO/G1 phase arrest, and in Ema and CL-1 cells through
both mechanisms.

Previous studies have revealed differences in cell cycle-related
gene and protein expression, as well as epigenetic changes, in
different canine LL cell lines. For the cell lines used in this study,
research has shown decreased expression of the endogenous
cyclin-dependent kinase (CDK) inhibitor p16 protein and hyper-
phosphorylation of retinoblastoma protein (pRb) due to p16 gene
hypermethylation in CLC and UL-1 cells [33], decreased expression
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of p16 protein and hyperphosphorylation of pRb due to abnormal
p16 gene (including deletion) in Ema cells [33], high expression of
the p16 gene and protein in GL-1 cells [33], possible deletion of pRb
in CL-1 cells [34], and possible deletion of pRb or downstream
bypass in UL-1 cells [35]. These differences in the regulatory
mechanisms of the cell cycle among cell lines have been shown to
affect their sensitivity to various inhibitors, such as the pan-CDK
inhibitor flavopiridol [34], the CDK4/6 inhibitors palbociclib and
abemaciclib [35], and the hydroxymethylglutaryl-coenzyme A
reductase inhibitor simvastatin [36] for inducing cell cycle arrest
and cell death. The differential effects of cADSCs on these LL cell
lines may also be related to these variants, but the molecular
mechanisms underlying the actions of cADSCs remain unclear in
this study. Further investigation is needed to elucidate the mech-
anisms by which cADSCs inhibit the proliferation of canine lym-
phoma cells in more detail.

To determine whether the proliferation-inhibitory effect of
cADSCs on the canine LL cell lines was dependent on cell-to-cell
contact, both cell types were also co-cultured under physical sep-
aration using Transwell membranes. When separated from cADSCs,
cell death in CLC cells increased compared to conditions with
intercellular contact, while the proportion of cells in the G2/M
phase increased, and the proliferation-inhibitory effect of cADSCs
was lost. In Ema cells, separation from cADSCs led to a loss of
apoptosis induction, an increase in cells in the S- and G2/M phases,
and a reversal of the cADSC proliferation-inhibitory effect to a
promoting effect. The fact that proliferation recovered or was
promoted after separation from cADSCs suggests that the increase
in S-phase or G2/M-phase cells was not due to cell cycle arrest at
these stages, but rather an accelerated progression from the G1to S
phase.

In other LL cell lines, isolation from cADSCs resulted in the loss
of cell death induction or cell cycle arrest, leading to recovered
proliferation. Similar observations have been reported in a study
using mouse cells. Song et al. [37] found that co-culture of mouse
BMSCs without cell-to-cell contact did not inhibit the proliferation
of the mouse B-cell lymphoma (BCL) cell line A20, whereas co-
culture with cell-to-cell contact inhibited A20 cell proliferation by
inducing cell cycle arrest and apoptosis while also inhibiting IL-10
secretion from tumor cells. By contrast, Ahn et al. [32] showed
that human ADSCs inhibited the proliferation of the mouse TCL cell
line EL4 with or without cell-to-cell contact, and Li et al. [38] re-
ported that human UCMSCs promoted the proliferation of the hu-
man BCL cell line Raji in a contact-dependent manner.

Although discrepancies exist between studies, likely due to
differences in MSC sources (e.g., species or tissue of origin) or the
types of LL cell lines used, our results suggest that the inhibition of
canine lymphoma cell proliferation by cADSCs is mediated by cell-
to-cell contact or contact-induced secreted factors. However, a key
finding of this study, which raises concerns about the safety of
MSC-based therapy, is that cADSCs promoted Ema cell proliferation
through secreted factors. Further studies are needed to analyze cell
cycle-related genes and proteins in Ema cells exposed to the cADSC
secretome, as well as to identify the specific secreted factors that
may affect them.

Some studies have reported differing effects of human MSCs on
tumor cell growth in vitro and in vivo. Ramasamy et al. [39]
demonstrated that human BMSCs inhibit BV173 cell proliferation
in vitro by inducing GO/G1 phase arrest and decreasing cyclin D2
expression, yet they promote tumor growth in vivo by protecting
against apoptosis. Similarly, Tian et al. [40] reported that human
BMSCs inhibit the growth of the human lung cancer cell line A549
and the human esophageal cancer cell line Eca-109 in vitro by
inducing GO/G1 phase arrest and apoptosis, but they support tumor
formation in nude mice by promoting tumor vascularization.
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Given these findings, we also investigated the effect of cADSCs
on the growth of a canine lymphoma cell line in vivo. Our results
showed that cADSCs inhibited the growth of CLC lymphoma cells in
a dose-dependent manner. Although few reports have elucidated
mechanisms by which MSCs inhibit tumor growth in vivo, Zhu et al.
[41] demonstrated that dickkopf-1 secreted by human ADSCs in-
hibits K562 cell growth by blocking the Wnt signaling pathway.
Additionally, Secchiero et al. [42] suggested that human BMSCs
inhibit tumor angiogenesis by inducing endothelial cell apoptosis,
thereby suppressing the growth of the human BCL cell line BJAB
in vivo. Although the exact mechanism by which cADSCs inhibited
tumor growth in vivo remains unclear, direct inhibitory effects on
tumor cells and tumor angiogenesis may have contributed.

However, it is important to consider that MSCs may indirectly
promote or inhibit tumor growth by affecting the immunogenicity
of tumor cells and the antitumor immunity of tumor-bearing ani-
mals because of their immunomodulatory properties that regulate
immune cells involved in both innate and adaptive immunity [43].
In this regard, Lee et al. [44] reported that while human BMSCs
inhibited A20 cell proliferation in vitro by inducing apoptosis, co-
injection of both cell types into the lacrimal glands of immuno-
competent BALB/c mice promoted tumor growth by creating an
immunosuppressive microenvironment, characterized by incre-
ased regulatory T cells and myeloid-derived suppressor cells.
Conversely, Lu et al. [45] showed that co-injection of mouse BMSCs
and the mouse hepatocellular carcinoma cell line H22 into the
abdominal cavity of BALB/c mice inhibited tumor progression
without causing immunosuppression. Lin et al. [46] also suggested
that the secretome of human Wharton's jelly-derived MSCs
cultured under hypoxic conditions induces immunogenic cell death
of tumor cells by increasing the expression of damage-associated
molecular patterns and decreasing the expression of immune
checkpoint molecules in the BCL cell line Ramos.

MSCs have conflicting effects on tumor cell growth as well as
metastasis, and different studies have reported that MSCs promote
or inhibit metastasis, even in tumor cell lines of the same lineage
[22,23]. Mechanisms by which MSCs promote metastasis of solid
tumors include transition of MSCs to tumor-associated fibroblasts
[47] and promotion of epithelial-mesenchymal transition of tumor
cells via transforming growth factor-f (TGF-B) [48], degradation
and remodeling of extracellular matrix via matrix metal-
loproteinase [49], and signaling to tumor cells via secreted factors
such as chemokine receptor (CCR) 5 ligand [4] and IL-17B [50]. In
contrast, some studies have reported that MSCs inhibit the migra-
tion and invasion of breast cancer cells via secretion of tissue in-
hibitors of metalloproteinase (TIMP)-1 and -2 [51], and colorectal
cancer cells via exosome-derived microRNA-4461 [52]. Li et al. 53]
reported that MSCs inhibit metastasis in a hepatocellular carci-
noma model by downregulating TGF-§ expression in tumor cells.
However, little is known about the effect of exogenously injected
MSCs on the metastasis of hematologic malignancies.

This study showed that cADSCs inhibit lung metastasis in a
dose-dependent manner in a CLC lymphoma model. This dose-
dependent inhibitory effect was paralleled by local growth and
lung metastasis, and thus the delay in lung metastasis may simply
be the result of inhibition of CLC lymphoma cell growth. However,
Li et al. [53] reported that secreted factors from human BMSCs
promote local growth of the hepatocellular carcinoma cell line
MHCC97-H cells while inhibiting lung metastasis, suggesting that
the mechanisms underlying the effects of MSCs on local growth and
distant metastasis of tumor cells may be different.

Hypoxia-inducible factor (HIF)-1a. and CCR7 have been reported
to contribute to the migration, invasion and metastasis of CLC
lymphoma cell lines. HIF-1¢. is upregulated in L-CI.5s T lymphoma
cells by elevated TIMP-1 levels in the tumor microenvironment and



Y. Yasumura, T. Teshima, T. Nagashima et al.

promotes metastasis by inducing hepatocyte growth factor
signaling [54]. Yamazaki et al. showed that nuclear HIF-1a protein
is upregulated in CLC cells under hypoxic conditions [55]. Then, the
same group demonstrated that the hypoxia-activated prodrug,
evofosfamide, inhibits tumor growth and lung metastasis in a
mouse model with a metabolic pathway very similar to that of dogs
with gastrointestinal lymphoma by suppressing the expression of
HIF-1¢ protein in CLC under hypoxic conditions [56]. In addition,
Kanei et al. [57] evaluated CCR7 expression on CLC and UL-1 cells
using Canine CCL19-human IgG-Fc fusion protein and found posi-
tive expression on CLC cells and negative expression on UL-1 cells.
In a previous study [18], CLC cells showed a high rate of regional
lymph node metastasis when injected intraperitoneally into
immunocompromised mice, but UL-1 cells did not, suggesting the
implication of CCR7 in regional lymph node metastasis. Therefore,
investigating the interaction between cADSCs and CLC lymphoma
cells, focusing on mediators such as TGF-f, TIMP, HIF-1¢, and CCR7,
is important to understand the mechanisms by which cADSCs
inhibit lymphoma metastasis.

As in many previous studies [5,7,22,32,39—42,48—-50,53], this
study used immunocompromised mice to investigate the direct
effects of cADSCs on canine lymphoma cell growth and metastasis
under xenotransplantation conditions. Therefore, the effect of
cADSCs on LL cell proliferation and migration should be further
evaluated in immunocompetent animals in the future, also taking
into account their impact on antitumor immunity.

5. Conclusions

Our results show for the first time that cADSCs inhibit the
growth of canine LL cell lines both in vitro and in vivo. This study
suggests that cADSC-based cell therapy could potentially be applied
to CIE without promoting the development of intestinal lym-
phomas. However, to ensure the safety of cADSC-based therapies,
further studies are needed to investigate their effects on primary
tumor cell growth, explore the molecular mechanisms underlying
LL cell growth and metastasis inhibition, and assess their impact on
antitumor immunity in immunocompetent models.
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