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ABSTRACT

Background: Malignant lymphoma is the most common hematopoietic malignancy in dogs, 
and relapse is frequently seen despite aggressive initial treatment. In order for the treatment 
of these recurrent lymphomas in dogs to be effective, it is important to choose a personalized 
and sensitive anticancer agent. To provide a reliable tool for drug development and for 
personalized cancer therapy, it is critical to maintain key characteristics of the original tumor.
Objectives: In this study, we established a model of hybrid tumor/stromal spheroids and 
investigated the association between canine lymphoma cell line (GL-1) and canine lymph 
node (LN)-derived stromal cells (SCs).
Methods: A hybrid spheroid model consisting of GL-1 cells and LN-derived SC was created 
using ultra low attachment plate. The relationship between SCs and tumor cells (TCs) was 
investigated using a coculture system.
Results: TCs cocultured with SCs were found to have significantly upregulated multidrug 
resistance genes, such as P-qp, MRP1, and BCRP, compared with TC monocultures. 
Additionally, it was revealed that coculture with SCs reduced doxorubicin-induced apoptosis 
and G2/M cell cycle arrest of GL-1 cells.
Conclusions: SCs upregulated multidrug resistance genes in TCs and influenced apoptosis and 
the cell cycle of TCs in the presence of anticancer drugs. This study revealed that understanding 
the interaction between the tumor microenvironment and TCs is essential in designing 
experimental approaches to personalized medicine and to predict the effect of drugs.

Keywords: Canine lymphoma; lymph node-derived stromal cell; drug resistance; 
personalized cancer therapy; tumor microenvironment

INTRODUCTION

Malignant lymphoma is the most common hematopoietic malignancy in dogs, and this 
neoplastic disease is controllable by aggressive chemotherapy with a doxorubicin (DOX)-
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based multidrug chemotherapy protocol, which results in a high rate of remission [1]. 
However, relapse is frequently seen despite the aggressive initial treatment [2], leading to 
treatment failure and ultimately the dog's death [3]. Treatment failure can be attributed to 
tumor drug resistance (DR), which can occur during the onset of chemotherapy (intrinsic 
DR) or during chemotherapy (or acquired DR) [4]. When such resistance develops, even 
patients with the same type of disease can have very different tumor phenotypes and 
sensitivity to anticancer drugs [5]. Therefore, in order to choose an effective treatment 
for dogs with recurrent lymphoma, it is important to choose a personalized and sensitive 
anticancer agent [6]. Traditionally, cells grown in monolayers have been used as disease 
models for cell biology research and drug screening, and these 2-dimensional (2D) models 
are assumed to reflect actual tissue physiology [7]. However, 2D cell culture lacks important 
functions to revive physiological systems such as spatial cell-cell interactions, the presence of 
extracellular matrix (ECM), dynamic metabolic demands, and increased hypoxia due to mass 
growth [8]. For this reason, it is now recognized that 2D-cultured cells cannot simulate the 
microenvironment of the original tumor. Many drugs that have proven clinically futile have 
been preclinically evaluated as “active” using a 2D-cultured cell line model [9]. In contrast, 
3-dimensional (3D) cell culture spheroids are self-assembled cell aggregates that recapitulate 
many important characteristics of physiological spatial growth and cell-cell interaction 
[10]. In large spheroids, which can reach up to 500 µm in diameter, cells in the outer layer 
continue to multiply, while hypoxia and malnutrition cause necrosis of the core [11]. These 
conditions are similar to hypoxic microtumors in vivo, which are known to negatively affect 
the tumor's sensitivity to anticancer drugs and contribute to acquired resistance [12]. As a 
result, 3D cell culture techniques more similar to the in vivo cell environment are now being 
pursued intensely, as it is expected to yield better precision in drug discovery [13].

DelNero et al. [14] identified similar changes, which they concluded were an effect of 
heterogeneous oxygen distribution during growth in the 3D culture system. Thus, it is 
important to investigate hypoxia and tissue level effects in 3D tumor models [14]. Hypoxia 
activates a response program that is largely controlled by the transcription factor hypoxia 
inducible factor 1 (HIF-1) [14]. Other studies have shown that HIF-induced upregulation 
of angiogenic morphogens, including vascular endothelial growth factor (VEGF) and basic 
fibroblast growth factor (bFGF), promotes angiogenesis. Additionally, these factors have been 
shown to act not only as promoters of proliferation and inhibitors of apoptosis in cancer cells 
but also as enhancers of drug resistance [15].

Hypoxia has been considered as a major feature of the tumor microenvironment and as 
a potential contributor to drug resistance and is recapitulated in 3D cell culture models 
[16]. Drug resistance is one of the major reasons for poor outcomes of high-risk therapies 
and recurrent lymphoma. The ABC proteins such as P-glycoprotein (P-gp), breast cancer 
resistance protein (BCRP), and multi-drug resistance (MDR)-related protein (MRP1) bind ATP 
and use the energy to drive the transport of various molecules across the plasma membrane. 
As they can eliminate anticancer drugs from cells, they contribute to drug resistance [17]. 
However, as the microenvironment around tumors interacts with the tumor cells (TCs) 
and various stromal cells (SCs), 3D spheroids composed of single TCs have limitations in 
representing the tumor microenvironment [18].

Growth of TCs in the presence of SCs is thought to better mimic the microenvironment of the 
tumor in vivo [19]. Previous studies have shown that the complex interconnection between 
TCs and SCs changes the gene expression profile of SCs as well as their activation status, 
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which initiates angiogenesis and contributes to drug resistance in TCs [12]. However, studies 
on the relationship between lymphoid-derived TCs and SCs in veterinary medicine are still 
insufficient. Furthermore, as lymphocytes are generally mobile, it is assumed that stromal 
populations firmly support the distribution and movement of lymphocytes within structural 
skeletons of the lymph node (LN) [20].

The first goal of the current study was to evaluate the differences between 2D and 3D cell 
cultures of TCs (lymphoma cell line) when treated with chemotherapeutic drugs. DOX 
was selected based on previous studies of resistance in human TCs and its effectiveness 
in treating dog lymphoma. Furthermore, due to the importance of the microenvironment 
produced by SCs in anticancer sensitivity and anticancer drug resistance of TCs, we 
established a hybrid tumor/stroma spheroid 3D model. The final goal of this study was to 
clarify the role of canine LN-derived SCs in lymphoma GL-1 cell line survival and proliferation 
during anticancer drug treatment and to assess the expression of the ABC-transporter P-gp, 
MRP1, and BCRP in GL-1 cell lines cocultured with SCs.

MATERIALS AND METHODS

LN-derived SC isolation
SCs were isolated from submandibular LN obtained from three healthy beagle dogs. All 
animal experiments in this study were approved by the institutional animal care and use 
committee of Seoul National University (SNU), Republic of Korea, and all protocols were in 
accordance with the approved guidelines (SNU, protocol No. SNU-1881112-2). Tissue was 
obtained from LNs via needle biopsy. Tissues were washed three times with Dulbecco's 
phosphate-buffered saline (DPBS; PAN-Biotech, Germany) containing 1% penicillin-
streptomycin (PS; PAN-Biotech), plated on a Petri dish, digested with 0.1% Collagenase type 
1A (Gibco/Life Technologies, USA) solution, and incubated for 50 min at 37°C in a humidified 
atmosphere of filtered 5% CO2. After digestion, Roswell Park Memorial Institute-1640 
(RPMI-1640; Pan-Biotech) with 10% fetal bovine serum (FBS; Sigma-Aldrich, USA) and 1% 
PS was added to neutralize the sample. The sample was centrifuged at 1,200 × g for 5 min. 
The supernatant was discarded, the cell pellet was suspended in high-glucose Dulbecco's 
modified Eagle's Medium, and the suspension was passed through a 70 µm Falcon cell 
strainer (Thermo Fisher Scientific, USA) to remove debris. The suspension was centrifuged 
again at 1,200 × g for 5 min. Red blood cell lysis buffer (Sigma-Aldrich) was added, and the 
cell solution was incubated for 10 min at 25°C to remove erythrocytes. Cells were washed 
with five volumes of DPBS and centrifuged again. The supernatant was discarded, and 
then the cells were resuspended in RPMI-1640 and seeded (3,000/cm2) in cell culture dish. 
Unattached cells were removed the next day by washing with DPBS. Macrophages and DCs 
were eliminated from the culture, as they grew less or were harder to obtain by trypsinization 
and were therefore finally diluted out. In this experiment, 4–6 passages of SCs were used.

Cell lines
GL-1 cell lines were received from Prof. Yuko Goto-Koshino (Tokyo University, Japan) and 
maintained in RPMI 1640 medium supplemented with 10% FBS in 5% CO2 at 37°C. Its 
cytological and immunohistochemical properties are explained elsewhere [2,21].
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Flow cytometry
In this experiment, SCs between passage numbers 4 and 6 were used. SCs were harvested 
from culture dishes using trypsin. The cells were stained with antibodies by direct or indirect 
methods. The cells were analyzed using an FACSCalibur flow cytometer with CELLQuest 
software (Becton Dickinson, USA). Isolated SCs were evaluated by flow cytometry for 
the expression of SC markers such as CD90-PE (dilution, 1:200; Cat. No. 561970; BD 
Pharmingen, USA), CD73-PE (dilution, 1:200; Cat. No. 550741; BD Pharmingen), CD29 
(dilution, 1:200; Cat. No. 555005; BD Pharmingen), CD34-PE (dilution, 1:200; Cat. No. 
559369; BD Pharmingen), CD44 (dilution, 1:200, Cat. No. 11-5440-42; eBiosciences, USA), 
CD45 (dilution, 1:200; Cat. No. 11-5450-42; eBiosciences), CD31 (dilution, 1:200; Cat. No. 
PA5-16301; Invitrogen, USA), and Gp38 (dilution, 1:200; Cat. No. Orb76777; Biorbyt, UK). For 
CD31 and Gp38, indirect immunofluorescence was performed using mouse anti-rabbit IgG-
PE (dilution, 1:200; Cat. No. sc-3753; Santa Cruz Biotechnology, USA) and goat anti-hamster 
IgG-FITC (dilution, 1:200; Cat. No. sc-2792; Santa Cruz Biotechnology), respectively. 
Unstained samples were used as the negative control. Characterization was conducted using 
FlowJo 7.6.5 software (TreeStar, Inc., USA).

Spheroid formation using Petri dish well array
Stem FIT® 3D cell culture 25-well arrays (MICROFIT, Inc., Korea) were seeded with 2.5 × 105 
– 2 × 106 cells per well of GL-1 cell lines. These cells were incubated in RPMI (PAN-Biotech) 
containing 20% FBS with 1% PS at 37°C for an additional 24 h to allow spheroid formation. 
For hybrid spheroid experiments, TCs were mixed in different ratios with LN SCs, consisting 
a total of 2.5 × 105 cells per spheroid. TC:SC ratios used for this experiment were 1:0, 3:1, 
1:1, 1:3 and 0:1. Spheroids were formed using the StemFIT® 3D cell culture dish templates as 
previously detailed. ImageJ (National Institutes of Health, USA, http://imagej.nih.gov/ij/) was 
used to calculate areas of the different spheroids as detailed in the spheroid image analysis 
section below.

Histological analysis of spheroids
To visualize cell nuclei and cytoplasmic materials in spheroid samples (1:1 ratio of TC:SC), 
spheroids embedded in paraffin blocks were cut at a thickness of 3 µm. The stain solutions 
were prepared according to manufacturer's specifications. The reagents used were as follows: 
Hematoxylin I (Thermo Fisher Scientific), Clarifier I (Thermo Fisher Scientific), Bluing 
Reagent (Thermo Fisher Scientific), and Eosin-Y (Thermo Fisher Scientific).

Immunofluorescence analysis
To identify structures in SC hybrid spheroids, spheroids embedded in paraffin blocks (1:1 
ratio of TC:SC) were cut at a thickness of 3 µm. Sections were deparaffinized in xylene and 
rehydrated sequentially in 100%, 95%, and 80% ethanol solutions; antigen retrieval was 
carried out using 10 mM citrate buffer (Sigma-Aldrich). After washing, the sections were 
blocked with a blocking buffer containing 1% bovine serum albumin in PBST for 30 min. The 
sections were incubated overnight at 4°C with antibodies against CD79a (dilution, 1:50; Cat. 
No. MA5-13212; Invitrogen), CD31 (dilution, 1:50; Cat. No. PA5-16301; Invitrogen), or VE-
cadherin (dilution, 1:50; Cat. No. SC-9989; Santa Cruz Biotechnology). After three washes, 
the slides were incubated with a secondary antibody. The sections, stained with an antibody 
against either CD79a, CD31 or VE-cadherin, were washed 3 times and incubated with mouse 
anti-rabbit IgG-PE (dilution, 1:200; Cat. No. sc-3753; Santa Cruz Biotechnology) and m-IgGκ 
BP-CFL 488 (dilution, 1:200; Cat. No. sc-516176; Santa Cruz Biotechnology) for 1 h at room 
temperature in the dark. Then, sections were washed thrice and mounted in VECTASHIELD 
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mounting medium containing 4′,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, 
USA). The samples were visualized using EVOS FL microscope (Life Technologies, Germany), 
and the immunoreacted cells were counted in 20 random fields per group.

Measurement of apoptosis
The percentage of apoptotic cells was determined by flow cytometry using the 
annexin V-FITC apoptotic detection kit (Cat. No. 556547; BD Pharmingen) following 
the manufacturer's protocol. Briefly, cells were washed twice with cold PBS and then 
resuspended in 1× binding buffer. Then, FITC-annexin V and PI (dilution, 1:20) were added to 
the cells and incubated for 15 min at 25°C in the dark. Subsequently, 400 uL 1× binding buffer 
was added to this sample. Flow cytometry was performed, and results were analyzed using 
FlowJo software.

Anticancer drug treatment
Spheroids were grown in 96-well plates and treated with different concentrations of DOX 
(dose, 0, 0.05, and 0.5 µg/mL). Images of the spheroids were taken with a microscope on 
days 0, 1, 2, 3, 4, and 5. The images were analyzed using Image J.

Quantitative reverse transcription polymerase chain reaction measurement
Total cellular RNA was extracted by Easy Blue total RNA extraction kit (iNtRON 
Biotechnology, Korea) according to the manufacturer's instruction. Then, cDNAs were 
synthesized from 1 µg of total RNA using the CellScript All-in-One 5× first strand cDNA 
synthesis Master Mix (CellSafe, Korea). Samples were evaluated in duplicate in 10 µL of 
AMPIGENE qPCR Green Mix Hi-ROX with SYBR Green dye (Enzo Life Sciences, USA) using 1 
µL of cDNA and 400 nM each of forward and reverse primers (BIONICS, Korea). Expression 
was normalized to that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The primer 
sequences are listed in Table 1.

Trans well coculture system
TCs were plated at a density of 5 × 106 cells per well in 6-well plates (SPL Life Science, Korea), 
and 5 × 105 SCs grown in media containing an anticancer drug (DOX; dose, 0, 0.005, 0.05, and 
0.5 µg/mL) were seeded onto 0.4-µm pore-sized Transwell inserts (SPL Life Science) for 48 h.

Cell cycle analysis
TCs were washed with PBS and fixed with 70% ethanol at 4°C. The cells were then incubated 
with 500 µL of propidium iodide/RNase buffer (BD Biosciences, USA) for 30 min at room 
temperature. The samples were analyzed using flow cytometry (FACS Aria II, BD Biosciences).
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Table 1. Sequences of PCR primers used in this study
Gene Forward (5′-3′) Reverse (5′-3′) Reference
cGAPDH TATGACGACATCAAGAAGGTAGTGA GTAGCCAAATTCATTGTCATACCAG [41]
P-gp (ABCB1) CTATGCCAAAGCCAAAGTATC GAGGGCTGTAGCTGTCAATC [42]
MRP1 (ABCC1) CGTGACCGTCGACAAGAACA CACGATGCTGATGACCA [42]
BCRP (ABCG2) GGTATCCATAGCAACTCTCCTCA GCAAAGCCGCATAACCAT [42]
HIF-1α ATGATGGTGACATGATTTACATTTCT GTATTCTGCTCTTTACCCTTTTTCAC [41]
bFGF ACTGGCTTCTAAATGTGTTACTGAC TAGCAGACATTGGAAGAAAAAGTAT [41]
VEGF GAATGCAGACCAAAGAAAGATAGAG GATCTTGTACAAACAAATGCTTTCTC [41]
HGF AAATAAACATATCTGTGGAGGATCA CAAGCTTCATAATCTTTCAAGTCTC [41]
PCR, polymerase chain reaction; cGAPDH, cytosolic glyceraldehyde-3-phosphate dehydrogenase; P-gp, 
P-glycoprotein; MRP1, multi-drug resistance-related protein; BCRP, breast cancer resistance protein; HIF-1α, 
hypoxia-inducible factor 1; bFGF, basic fibroblast growth factor; VEGF, vascular endothelial growth factor; HGF, 
hepatocyte growth factor.



Western blot analysis
Proteins were extracted from TCs using the pro-prep protein extraction solution (iNtRON 
Biotechnology). The protein concentrations were determined using the DC protein assay 
kit (Bio-Rad, USA). Approximately, 10 µL of each protein was separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis. After electrophoresis, the proteins were 
transferred to a polyvinylidene difluoride membrane (Millipore, USA). The membranes were 
blocked with a blocking buffer containing 5% skim milk in Tris-buffered saline. Cell cycle 
arrest was detected using anti-procaspase-3 (dilution, 1:1,000; Santa Cruz Biotechnology) 
and anti-cyclin D1 antibody (dilution, 1:1,500; Cell Signalling Technology, USA). An anti-β-
actin antibody (dilution, 1:1,000; Santa Cruz Biotechnology) was used as a loading control. 
Immunoreactive bands were detected by chemiluminescence (Advansta, USA).

Statistical analysis
All experiments were performed in triplicate and repeated three times. GraphPad prism 
(version 6.01) software (GraphPad, Inc., USA) was used for statistical analysis. The 
differences between two groups were analyzed using Student's t-tests, and differences among 
more than two groups were analyzed using one-way analysis of variance (ANOVA) followed 
by Bonferroni multiple comparison test. The results were presented as the mean value ± SD. 
Differences with a value of p < 0.05 were considered as statistically significant.

RESULTS

Interaction between TCs and SCs in hybrid 3D models
Our preliminary experiments revealed that the 3D culture model produced on the ultra-low 
attachment plate had an increased expression of angiogenic factors (FGF, VEGF and HIF-1α) 
and tumor resistance genes (BCRP, MRP1 and P-gp). Treatment with the anticancer drug 
DOX at 0.05 µg/mL for 24 h, did not produce a significant reduction in cell viability of the 
3D culture (Supplementary Fig. 1A-E). SCs derived from canine LN were characterized using 
flow cytometry. These cells exhibited high expression of CD90, CD73, CD29, CD34, CD44, 
and low CD45 expression. It was also confirmed that SCs can differentiate into adipocytes, 
chondrocytes, and osteocytes. Furthermore, most of the SCs were composed of endothelial 
cells (Supplementary Fig. 2A-D). Coculture of TCs and SCs using a 2D culture system 
confirmed that SCs play a role in supporting TCs (Supplementary Fig. 3A and B).

SCs and TCs were mixed and cultured on ultra-low adhesion plates to generate spheroids 
after 24 h (Fig. 1A). To study the interactions of SCs and GL-1 cells, we grew spheroids using 
different TC:SC ratios and measured their overall morphology and size. As seen in Fig. 1B, 
it was confirmed that the degree of condensation varied depending on the TC:SC ratio. 
It was confirmed that the hybrid model containing a 1:1 TC:SC ratio exhibited the best 
condensation. To clearly confirm the structure, H&E staining was performed by sectioning 
the center and 1/4 of the spheroid. This revealed that SCs and TCs were entangled together to 
form a single tissue (Fig. 1C). In addition, through immunofluorescence staining for VE-cad, 
CD79a and CD31, the matrix form composed of SCs and the arrangement of tumors and SCs 
were visualized. The results confirmed that CD79a positive GL-1 cells exist within a matrix 
consisting of SCs (Fig. 1D).
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Hybrid 3D models treated with anticancer drugs
To show that spheroid sprouting depends on the anticancer drug concentration, spheroids 
(TC:SC of 1:1) were cultured in 96-well culture dishes under different concentrations of DOX 
for 5 days. The growth rate of spheroid was measured through Image J. Untreated spheroids 
were used as controls. As the concentration of the anticancer drugs increased, less cells were 
observed to sprout from the 3D model (Fig. 2).

Cell viability of the tumor/stromal hybrid spheroid model under anti-cancer 
conditions
CCK analysis revealed that cell viability of cultures treated with DOX increased when cancer 
cells were cocultured with SCs (1:1 ratio of TC:SC) as opposed to when they were cultured 
alone in a 2D model. In addition, when SCs and TCs were cocultured directly, it was observed 
that the cell viability 3D cultures treated with anticancer drugs was higher than that of 2D 
cultures (Fig. 3).

Growth factor expression by cross talk between TCs and SCs in coculture 
system
SCs, in addition to their role in maintaining tissue structure, also play an important role 
in maintaining the microenvironment for cancer growth, angiogenesis, and anticancer 
reactivity by interacting with TCs (Fig. 4A). Therefore, gene expression levels of growth and 
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angiogenesis factors such as bFGF, hepatocyte growth factor (HGF), TGF-β, and VEGF were 
analyzed in a coculture of TCs and SCs after 48 h in a transwell system. Coculture increased 
the expression of all factors except for bFGF in TCs (Fig. 4B). In the SCs, coculture with TCs 
caused similar gene expression changes (Fig. 4C). High expression of ABC-transporters, such 
as P-gp (ABCB1), MRP1 (ABCC1), and BCRP (ABCG2) has been associated with both decreased 
sensitivity to cytotoxic agents, as well as a poor prognosis in several types of cancer in 
humans and dogs. TCs cocultured with SCs were found to have a significantly increased 
expression of multi drug resistance genes such as P-qp, MRP1, and BCRP as compared to 
monocultured TCs (Fig. 4D).

Effect of LN SCs on the viability and cell cycle of TCs in coculture system
To identify tumor-stromal interactions that alter drug response, we initially used an in vitro 
coculture system that other groups had successfully used to evaluate tumor-stroma-drug 
interaction [22]. First, we investigated the effects of DOX on the viability of TCs (GL-1) 
and normal SCs. Treatment with a relatively low concentration (0.005 µg/mL) of DOX did 
not affect the viability of either cell type. However, incubation with 0.05 µg/mL of DOX 
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DOX, doxorubicin; ANOVA, analysis of variance. 
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for 48 h decreased viability of GL-1 cells but did not affect SC viability (Fig. 5A). Therefore, 
when determining the effects of SCs on the activity of cancer cells, DOX concentrations 
non-cytotoxic to SCs (0–0.05 µg/mL) were used. To elucidate the underlying biochemical 
mechanisms involved in the regulation of apoptosis, the effect of SCs on caspase 3 protein 
levels and on annexin V staining was analyzed by western blotting and flow cytometry, 
respectively. As shown in Fig. 5B, procaspase-3 is upregulated in TCs cocultured with SCs, in 
the group treated with 0.05 µg/mL DOX. In addition, cocultured TCs exhibited significantly 
less annexin V positive apoptotic cells as compared to monocultured controls, at treatments 
with 0.025 or 0.05 µg/mL DOX (Fig. 5C). TCs were also harvested for cell cycle distribution 
analysis. The untreated TC population contained the highest portion of cells in the G0/G1 
phase and the lowest in the G2/M phase. In comparison with the control, DOX treatment 
resulted in a significant accumulation of cells in the G2/M phase, which was accompanied by 
a decrease of cells in the G0/G1 phase. However, this was reduced significantly when cancer 
cells were cocultured with SCs (Fig. 5D).
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DISCUSSION

In this study, LN-derived SCs were used to create a lymphocyte-SC hybrid 3D culture model, 
and these models showed reduced sensitivity to anticancer drugs compared with the 2D 
culture model.
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It is now acknowledged that the tissue surrounding TCs has an important role in tumor 
progression and resistance [23]. As SCs play a crucial role in tumor resistance, different 
therapeutic approaches targeting tumor SCs have been investigated and are currently under 
evaluation, as reviewed in detail by several authors [24,25]. In particular, SCs in secondary 
lymphoid organs contribute to microenvironments by releasing chemokines and cytokines 
and by acting as a scaffold for cell trafficking. However, little is known about the role that LN 
SCs from canine LNs play in providing a supportive microenvironment to allow for lymphoid 
cell survival, activation, and stimulation [26].

First, we characterized plastic adherent cells derived from canine LNs as SCs based on 
their phenotype and their ability to differentiate into three mesodermal cell lineages. We 
distinguished endothelial cells from among the adherent cells based on CD31 and CD34 
marker expression (Supplementary Fig. 3) [27]. CD31 is a single chain type-1 transmembrane 
protein that plays a role in adhesive interactions between adjacent endothelial cells as well 
as between leukocytes and endothelial cells [28]. CD34 is a single-chain transmembrane 
glycoprotein expressed on hematopoietic precursor cells and capillary endothelial cells. 
Moreover, these cells have the ability to regulate angiogenic factors such as VEGF [29].

In a previous study, tissue size and shape of the 3D culture model were controlled when 
using the ultra-low attachment plate [12]. However, we observed that the 3D culture of GL-1 
exhibited weak aggregation. As lymphocytes are generally mobile, it is reasonable to predict 
that the SC substrate population will support their distribution and movement as a structural 
backbone within the LN.

Extracellular matrix containing SCs, which histologically often encapsulate TC clusters, can 
act as a barrier to protect tumor cells from therapeutic agents [30]. This causes a decrease in 
overall supply of oxygen, nutrients and metabolites [30]. Hypoxia and increased metabolic 
stress lead to suppression of apoptosis and activation of drug resistance pathways [31]. In the 
3D hybrid spheroid model, the extracellular matrix composed of SCs was confirmed by VE 
cadherin staining [32]. In addition, CD79a-positive TCs were present in the ECM, which was 
composed of stromal cells.

As in humans, treatment of lymphoma in dogs consists of a multidrug chemotherapy 
protocol that includes, as a minimum, cyclophosphamide, DOX, vincristine, and 
prednisolone (of CHOP-protocol) [33]. Of these, DOX appears the most effective as a single 
agent [34]. Therefore, we explored the interaction between lymphoma cells and SCs to 
identify how this modulates the sensitivity to DOX, a commonly used chemotherapeutic.

In this study, sprouting of TCs from an ECM composed of SCs was decreased when treated with 
anticancer drugs. This demonstrates a major characteristic of the SC representing the protective 
properties against antitumor drugs in the body [35]. In addition, when using coculture of TCs 
with SCs in 2D culture, viability was increased when treated with anti-cancer drugs, and it 
was further increased in 3D culture. These results demonstrate that TC monocultures cannot 
recapitulate the in vivo tumor environment. Furthermore, 3D culture models supplemented with 
the SCs are even more representative of the in vivo tumor environment. However, the role of SCs 
in lymphoma has not been investigated in veterinary medicine.

Using transwell co-culturing system, we confirmed that the SCs interacted with TCs, increased 
the gene expression of growth factors, and altered multidrug resistance genes of GL-1 cells. 
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Furthermore, it was confirmed that SCs upregulated the expression of procaspase-3 in TCs 
treated with DOX. This means that SCs influence apoptosis in TCs. We also analyzed apoptosis 
in TCs via Annexin-V staining. Our data revealed that SCs reduced apoptosis of TCs by 
downregulating the expression of apoptosis-related genes in TCs treated with anticancer agents.

One limitation of our study is that 3D culture systems have not been used in studies to 
confirm the interaction of TCs and SCs. However, using the transwell coculture system, we 
confirmed that TCs and SCs influenced the sensitivity of tumors to anticancer drugs through 
the regulation of growth factor and drug resistance gene expression. The results of this study 
will be an important basis for creating a hybrid 3D culture model using SCs.

Growth-promoting signals in the microenvironment play a critical role in both normal and 
pathological tissues [36]. Previous studies have revealed that tumor SCs provide cancer cells 
with growth-promoting signals, involving growth factors, cytokines, and chemokines [37]. 
Growth factors, secreted by SCs into the microenvironment, promote tumor progression via 
stimulation of cellular growth, proliferation, and differentiation. In fact, various studies have 
shown that FGF, HGF, TGF-β, and VEGF are involved in cell cycle progression, angiogenesis, 
and proliferation of TCs in tumors [38]. It has also been found that various growth factors 
secreted by TCs also affect the growth of SCs around the tumor.

Although this study did not determine which factor acts as a key factor, in veterinary 
medicine, studies on the stimulation of growth factors between SCs and TCs are scarce. 
This study is significant because it is the first study that demonstrates that growth factor 
expression is affected in a coculture of TCs and SCs.

In addition, recent publications provide strong evidence that increased expression of 
growth factors in the tumor microenvironment contributes to chemoresistance. Li et al. 
[15] demonstrated that VEGF enhanced the expression of MRP1 at both the mRNA and 
protein levels, which increased the MDR in cancer cells. Deying et al. [39] showed that HGF 
contributed to cell proliferation and drug resistance by activating c-Met/PI3K/Akt and GRP78 
signaling in cancer cells. Katsuno et al. [40] demonstrated that long-term TGF-β treatment 
also increased resistance to anticancer drugs.

The data generated in this study validate those obtained in previous studies. Our data 
indicate that coculture of TCs with SCs upregulated expression of P-gp, MRP1, and BCRP, 
known as multidrug resistance genes.

Detailed mechanisms underlying the functional role of SCs in 3D cultures are still unclear, 
but these reports suggest that hybrid 3D cultures might be an effective strategy for modeling 
lymphoma in vitro to facilitate cancer research and therapy [23]. Further studies should aim at 
gaining a comprehensive understanding of the mechanisms of interaction between SCs and 
cancer cells, particularly the mechanisms by which SCs alter the primed state of cancer cells.

Primary cancer cells partially reproduce the natural in situ microenvironment of the disease, 
maintaining the crosstalk between malignant and healthy components. Such features are 
known to be involved in the variation in responses to therapies and in all the stages of the 
natural progression of malignant tumors, i.e., cancerogenesis, migration, progression, and 
metastatic dissemination. Therefore, primary cancer cells are considered the best platform 
for in vitro assay purposes. However, cancer cell lines are relatively easy to culture (basic media 
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requirements and simple culture protocols) and have a virtually infinite lifespan. Thus, they 
have been recognized by a majority of scientists as helpful in evaluating anticancer agents and 
confirming their mechanisms. For this reason, stable cancer cell lines have been considered 
a valuable tool in studying cancer biology and have been used in preclinical drug testing for 
many years. However, it is more challenging to elucidate all the characteristics of a TC line as 
compared to primary oncogenic cell lines.

Our study indicates that SCs derived from LNs aid in recapitulating in vivo tumor 
microenvironment in 3D cell culture models. These findings will provide basic data for 
modeling similar in vivo conditions in future drug evaluations.

In summary, the primary cause of unresponsiveness of tumors to antineoplastic drugs is the 
overexpression of drug resistance and antiapoptotic proteins in TCs. In addition, 2D and 3D 
monoculture models do not fully recapitulate the in vivo environment. Therefore, the challenge 
for developing novel targeted therapies is the establishment of in vitro models that better reflect 
in vivo conditions. An in vitro canine lymphoma 3D culture system was developed in the present 
study using the GL-1 lymphoma cell line and LN SCs. Such a model can be used as a reliable 
prediction method to assay mechanisms of action and efficacy of therapeutic agents.

SUPPLEMENTARY MATERIALS

Supplementary Fig. 1
Spheroid made of GL-1 cell lines (A) Scheme of the 3D culture protocol (B) Typical images 
of spheroid made of GL-1. The spheroids were prepared using 3D culture dish with 25 well 
array. Cell viability of spheroid, using a live/dead staining with Acridine orange (AO) and 
Propidium iodide (PI). Viable cells appear as green, while nonviable cells appears as red. Data 
are representative of three independent experiments. Scale bar = 400 μm (C) Different gene 
expression between 2D and 3D cultures. Expression of growth factors and hypoxia factor in 2D 
and 3D cell culture models (D) Expression of drug resistance gene in 2D and 3D culture models. 
(E) Sensitivity of anti-cancer drug response in 2D and 3D culture model. Cell viability assay 
of GL-1 cultured with Doxorubicin (Dox; dose 0.05 μg/mL) for 24 h using AO/PI staining. The 
results are presented as the mean ± SD of triplicate samples of three independent experiments.

Click here to view

Supplementary Fig. 2
Canine LN SC characterization. (A) Scheme of LN SC isolation methods. (B) SC differentiate 
into adipocyte, osteocytes, chondrocytes. Data are representative of three independent 
experiments. Scale bars = 200 μm. (C) Immunophenotype analysis by flow cytometry of SC 
(n = 3) They expressed CD90, CD73, CD29 and CD44, and these cells had less expression of 
hematopoietic markers such as CD45 and expressed endothelial cell markers such as CD34. 
Data are representative of three independent experiments (D) Dot plots show the gating of 
BEC (CD31+Gp38+) and LEC (CD31+Gp38-) from LN SC. They were classified into blood 
endothelial cells (BEC) and lymphatic endothelial cells (LEC) subpopulation according to 
CD31/Gp38 expressions. The results are presented as the mean ± SD of triplicate samples. 
Three repeated experiments were conducted.

Click here to view
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Supplementary Fig. 3
TCs were direct cocultured with LN SCs. (A) TC were direct cocultured with LN SC. 
Immunofluorescent staining of GL-1 cell line attached to SC. GL-1 was attached to the SC to 
form a cluster. Data are representative of three independent experiments. (B) Cell adhesion 
assay of TC. After SC were attached to the dish at different concentrations (3 groups; 2 × 
104, 1 × 105 and 5 × 105 cells/mL), GL-1 was cocultured for 12 h at the same concentration (1 
× 106 cells/mL). After gently washing with DPBS, GL-1 was stained with immunofluorescent 
staining (CD79a-FITC). The number of attached GL-I cells was counted. The results are 
presented as the mean ± SD of triplicate samples of three independent experiments. Scale 
bars = 200 μm.

Click here to view
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