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Abstract: The experimental animal model is still essential in the development of new anticancer
drugs. We characterized mouse tumors derived from two-dimensional (2D) monolayer cells or
three-dimensional (3D) spheroids to establish an in vivo model with highly standardized conditions.
Primary cancer-associated fibroblasts (CAFs) were cultured from head and neck squamous cell
carcinoma (HNSCC) tumor tissues and co-injected with monolayer cancer cells or spheroids into
the oral mucosa of mice. Mice tumor blood vessels were stained, followed by tissue clearing and
3D Lightsheet fluorescent imaging. We compared the effect of exosomes secreted from 2D or 3D
culture conditions on the angiogenesis-related genes in HNSCC cells. Our results showed that both
the cells and spheroids co-injected with primary CAFs formed tumors. Interestingly, vasculature
was abundantly distributed inside the spheroid-derived but not the monolayer-derived mice tumors.
In addition, cisplatin injection more significantly decreased spheroid-derived but not monolayer-
derived tumor size in mice. Additionally, exosomes isolated from co-culture media of FaDu spheroid
and CAF upregulated angiogenesis-related genes in HNSCC cells as compared to exosomes from
FaDu cell and CAF co-culture media under in vitro conditions. The mouse tumor xenograft model
derived from 3D spheroids of HNSCC cells with primary CAFs is expected to produce reliable
chemotherapy drug screening results given the robust angiogenesis and lack of necrosis inside
tumor tissues.

Keywords: oral squamous cell carcinoma; head and neck squamous cell carcinoma; spheroid; cancer-
associated fibroblast; tissue clearing; angiogenesis; exosome

1. Introduction

Despite progress in the treatment of HNSCC including oral squamous cell carcinoma
(OSCC), the 5-year survival rate has not substantially improved, remaining at 50-60% [1,2].
For early-onset HNSCC, surgical treatment is likely to yield an effective outcome. In recent
years, HNSCC incidence in the elderly has increased due to population aging. In such cases,
radiation therapy or chemotherapy may be preferred over surgical treatment depending
on the patient’s overall health condition and quality of life considerations after surgery.
In patients aged over 65 years, the use of chemoradiotherapy increased from 49% in 2000
to 82% in 2009 despite a lack of conclusive evidence regarding the effectiveness of this
therapeutic intensification among elderly patients [3]. With anticancer drug use, toxicity
and drug tolerance may differ depending on an individual’s systemic condition, and it is,
therefore, difficult to select the appropriate anticancer drugs for each patient.
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A three-dimensional tumor structure generates various physical and chemical gradi-
ents, which contribute to phenotypic heterogeneity within the tumor [4,5]. In vivo tumor
growth occasionally contains a necrotic region that forms due to oxygen gradients and
differential access to nutrients. Previous data showed that the development of a necrotic
core in cancer patients is correlated with increased tumor size and poor prognosis, such as
the emergence of chemoresistance [6]. Additionally, cell death via necrosis is not preferred
as an anticancer strategy due to the consequent inflammatory response [7]. OSCC has
different clinical characteristics from other solid tumors, one of which is that necrosis is
observed in only about 10% of cases with a high grade of malignancy [8]. Also, when the
clinicopathological features of 346 cases of OSCC were investigated, 76% were smaller
than 4 cm, and only 6% were bigger than 6 cm [9]. As such, it is not common for OSCC
tumors to grow large enough for central necrosis observation. Therefore, it is estimated
that the effect of anticancer drugs on OSCC can be more accurately evaluated when the
blood vessels are well-distributed around and inside the tumor, resulting in less necrosis.

Recently, ex vivo 3D culture has been widely applied to physiologically mimic the
cancer microenvironment. Multicellular spheroids are one of the most commonly used
models for 3D cell culture. In recent years, advances in 3D cell culture technology have
allowed for uniform culture sizes with a high-throughput scale, which has proven use-
ful for in vitro drug screening [10,11]. The use of 3D spheroids for constructing in vivo
mouse tumor models is currently under evaluation. Massa et al. attempted to evaluate the
available preclinical cancer models including 3D spheroids for personalized therapy and
innovative therapeutic approaches [12]. Jung et al. co-cultured hepatocellular carcinoma
cells with human umbilical vein endothelial cells to form spheroids, which induced an-
giogenesis and vessel maturation in vivo [13]. No studies to date have shown differences
in tumor characteristics including angiogenesis between models constructed using 2D
monolayer cells and 3D spheroids. Recent progress in cancer biology has substantially
changed our understanding of the functional significance of cancer stroma. The tumor
microenvironment plays a crucial role in neoplastic cell tumorigenesis, progression, and
metastasis [14—-16]. Cancer-associated fibroblasts (CAFs), one of the major cell components
in the tumor microenvironment, reportedly participate in tumor progression. Addition-
ally, CAFs promote in vivo cancer progression when co-injected with tumor cells or when
recruited to the cancer formation site [17,18].

CAF is known to be essential in tissue homeostasis and is a key player in the process of
tumorigenesis [3,19]. CAFs secrete growth factors and chemokines that alter the extracellu-
lar matrix (ECM) and oncogenic signals, thereby increasing the proliferation and invasion
of cancer cells [1,12]. Moreover, CAFs promote cancer progression in vivo when co-injected
with tumor cells or are recruited to the tumor site [13,14]. Interestingly, patient-derived
CAFs could regulate cisplatin resistance in HNSCC cells via paracrine effects in in vitro
conditions [19]. Furthermore, HNSCC cells interacting with CAF increase autophagy levels,
contributing to cisplatin resistance [20]. Recent years have shown increased interest in
personalized chemotherapy, and various attempts have been made to administer the most
effective treatment to patients using animal cancer models injected or implanted with
patient-derived tissues, but this strategy has been rare in OSCC, especially for CAFs.

Recently, extracellular vesicles known as exosomes have been recognized as crucial
signaling mediators in regulating the tumor microenvironment. Exosomes are membrane-
enclosed vesicles derived from the endosomal system during the formation of multivesicu-
lar bodies. Exosomes represent a novel mode of intercellular communication and contribute
to a wide range of biological processes in health and disease such as cancer [21]. It is well
known that exosomes comprise a variety of substances containing proteins, mRNAs, miR-
NAs, and lipids. These contents of exosomes regulate tumor growth, metastasis, and
angiogenesis [22]. Ludwig et al. suggested that tumor-derived exosomes from HNSCC cell
lines induce angiogenesis through reprogramming and modulation of endothelial cells [23].
Interestingly, Qin et al. showed that cisplatin treatment increases exosome secretion by
CAFs and exosome-derived miRINA causes cisplatin resistance [24]. However, not much
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is known about the effect of tumor-derived exosomes on the HNSCC microenvironment.
Here, we compared mouse tumors formed by HNSCC cells grown as 2D monolayers or
3D spheroids to develop an in vivo xenograft model. An attempt was also made to more
accurately mimic the cancer microenvironment in xenograft formation by co-transplanting
patient-derived CAFs. The effect of cisplatin was compared in nude mice given tumors
derived from FaDu and primary HNSCC monolayer cells or spheroids with CAF. In addi-
tion, an attempt was made to confirm whether the tumor-derived exosomes are involved
in angiogenesis in the cancer microenvironment.

2. Results
2.1. Characterization of Fibroblast Cells Cultured from HNSCC Tissues

After 2-3 weeks of incubation, fibroblasts attached to the culture plate began to grow
out. All primary cultured fibroblasts had a homogeneous, spindle-shaped fibroblastic mor-
phology. Representative microscopic images are shown in Figure 1a. x-SMA-expressing
fibroblasts are considered the main constituents of stroma in various cancers [25]. Figure 1b
shows the immunostained image of fibroblast cells with fluorescent a-SMA-antibody. To
check for epithelial and endothelial cell contamination within the isolated CAF popula-
tion, we examined the expression of pan-cytokeratin and CD31 (platelet endothelial cell
adhesion molecule-1, PECAM-1). As shown in Figure 1c, the primary CAF cells were
negative for both these markers. To further evaluate the CAF cells, x-SMA- or fibronectin
(FN1)-stained cells were analyzed with a flow cytometer. More than 98% of the CAF cells
showed positive expression of these two fibroblast markers (Figure 1d). The expression
patterns of these markers persisted after several passages.

(a)

FLIA

Figure 1. Inmunocytochemical analysis of fibroblasts cultured from HNSCC patients. The stroma
adjacent to the tumor was cut into the smallest possible pieces in sterile DMEM and seeded in
10-cm tissue culture dishes supplemented with 10% FBS and then cultured for 2-3 weeks. (a) The
representative image was taken by phase-contrast microscope. (b,c) Cells were seeded in 6-well
plates containing cover slides and immunostained with antibodies specific for fibroblasts (x-SMA),
endothelial cells (CD-31), and epithelial cells (pan-cytokeratin). The white scale bars represent 100 pm.
(d) x-SMA-positive or fibronectin (FN1)-positive fibroblasts were analyzed with a flow cytometer.
The experiments were performed three times and representative images are shown.
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2.2. Mouse Tumorigenesis from FaDu Monolayer Cells and 3D Spheroids

We evaluated tumor formation upon injection of FaDu monolayer cells or 3D spheroids
in the oral mucosa of the right or left cheek of mice, respectively. Two populations of
primary CAFs (CAF1, CAF2) isolated from different HNSCC tumor tissues were co-injected
with FaDu monolayer cells or spheroids into mice. The size of tumors formed during the
same period by FaDu spheroids (Figure 2a,b, left cheek) showed a significant increase of
size as compared to FaDu cells (Figure 2a,b, right cheek) in both CAFs. Only FaDu spheroid-
derived tumors showed a remarkable difference in tumor size according to different CAF
group cells (Figure 2b, left cheek). When we analyzed the mRNA expression of some cell
proliferation-related genes (c-Myc, Ki-76, and PCNA) in mice tumors with CAF1 (Figure 2c)
or CAF2 cells (Figure 2d), these genes showed significantly higher mRNA expression in
tumors formed with FaDu spheroids.
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Figure 2. Mouse tumor xenograft formation from FaDu monolayer cells or 3D spheroids with patient-derived fibroblasts
(CAF1 or CAF2). (a) FaDu spheroids (approximately 400 um in diameter) were prepared in 96-well U-bottom ultra-low
attachment plates. FaDu monolayer cells (5 x 105) and 50 FaDu spheroids (approximately 5 x 105 cells) were mixed with
fibroblast cells (5 x 105), respectively, followed by injection into the oral mucosa of the right and left cheek of mice. This
experiment was performed on five mice. (b) Twenty days after cell or spheroid injection with primary CAFs, average tumor
volume was measured using a caliper. (c,d) mRNA expression (fold change) of some representative genes related to cell
proliferation (c-Myc, Ki-76, PCNA) was analyzed in mice tumors by gPCR. Results represent the mean =+ standard deviation.

(*p <0.05 *p<0.01).

Immunohistochemical staining was performed to evaluate how human cells and CAFs
were distributed in mice tumor tissues. Figure 3 shows that human species-specific Ku80
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biomarkers are broadly stained in tumor tissues such as epithelial cells and fibroblasts,
suggesting that FaDu and CAF cells injected into the mice cheeks were well involved in
tumor xenograft formation. Fibroblast-specific x-SMA staining was also detected inside
the epithelial tumor cells (Figure 3).

a-SMA (b) Ku 80 a-SMA

FaDu cell + CAF1
T T S,

FaDu spheroid + CAF1
Y y 4 & . " "

FaDu spheroid + CAF2

Figure 3. Immunohistochemical analysis of mice xenograft tumors tissues derived from FaDu cells (a) or spheroids (b) with

primary CAFs. Tissues were immunostained with anti-Ku80 and «-SMA antibody. Ku80 biomarkers are broadly stained in
tumor tissues, such as epithelial cells and fibroblasts (black arrows). Fibroblast-specific x-SMA staining was also detected
inside the epithelial tumor cells (black arrows).

2.3. Angiogenesis of Mouse Xenograft from FaDu Monolayer Cells and 3D Spheroids

Next, we compared blood vessel formation in tumor tissues formed in both the right
and left cheeks. Some blood vessels were observed around the tumor arising from mono-
layer cells with CAF co-injection (Figure 4a,e), but there was little vascular distribution
within the tumor (Figure 4b,e), (Supplementary Videos S1 and S3). In contrast, co-injection
of spheroids with CAFs increased both the vascular distribution around and inside the
tumor, as well as tumor cellularity (Figure 4a,b,e), (Supplementary Videos S2 and S4).
Figure 4c,d are the H&E staining images of tumor tissues. As shown in Figure 4d, an
enlarged rectangular image of 4c, cell-derived tumor tissues showed remarkably increased
necrosis compared to spheroid-derived ones. We further analyzed the mRNA expression
of some representative angiogenesis-related genes in FaDu cell or spheroid with CAF
co-culture by in vitro Transwell system. Interestingly, CAF co-culture upregulated mRNA
expression which promoting angiogenesis specifically in spheroid derived from FaDu or
primary OSCC cells as compared to monolayer cells (Supplementary Figure S1). There
was no remarkable difference in the mRNA level in FaDu monolayer cells according to
CAF co-culture.
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Figure 4. Comparison of blood vessel formation and H&E staining among tumor tissues. The tumor tissues were cut in
half, after which vascular staining and H&E staining were performed. The images of vascular and H&E staining were
compared in parallel. For vascular staining, mice were given an intracardiac injection of lycopersicon esculentum lectin
and subsequently underwent complete perfusion. Tumor tissues were cleared and incubated in mounting and storage
solution for 24 h. Blood vessel formation inside tumor tissues was evaluated using a Lightsheet Z.1 fluorescence microscope
(x40). (a) Surface fluorescent images for blood vessels. The yellow dot lines represent the tumor margin in the mice tissues
section. (b) The representative cross-section image of tumor tissue in (a). (c) H&E staining images of tumor tissues were
compared to evaluate necrosis (x40). (d) A magnified image of the rectangle in (c) (x100). (e) Fluorescent vascular staining
was quantified from tumor surfaces and the cross-sectioned images were extracted every 5 s from video of the cleared tissue
(**p <0.01).

2.4. Effect of Cisplatin on Mice Tumor from FaDu and Primary HNSCC Cells

We further compared the effect of cisplatin in mice xenograft derived from spheroids
or dissociated cells. We conducted this experiment on FaDu cells and primary HNSCC
cells cultured from patients. As shown in Figure 5a, mice tumors derived from FaDu
cell and CAF2 showed moderate proliferation when they were observed after 10 days
of transplantation. On the contrary, when FaDu spheroid was transplanted with CAF,
the tumor was detected after 30 days, but after that, tumor volume increased rapidly
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(Figure 5b). Mice tumors derived from primary HNSCC cells or spheroids with CAF2 were
observed around the same time after 25-27 days of transplantation (Figure 5c,d). Mice were
injected with cisplatin or vehicle control for 18-23 days according to the bodyweight or
body condition. The tumor growth curves of each group demonstrate that tumors derived
from spheroid significantly decreased in volume upon cisplatin treatment in both tumor
models. In contrast, there was no significant effect of cisplatin treatment in tumors derived
from monolayer cancer cells.

(b)
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Figure 5. Effect of cisplatin on tumors in nude mice derived from FaDu and primary HNSCC cells. (a,b) FaDu monolayer
cells (5 x 105) or 50 spheroids (approximately 5 x 105 cells) were co-injected with the same number of CAF cells into both
cheeks in mice oral mucosa. Cisplatin was injected from the time the tumor was observed for 18-23 days. (c,d) Primary
HNSCC monolayer cells (5 x 105) and 50 spheroids (approximately 5 x 105 cells) were co-injected with the same number
of CAF cells into both cheeks in mice oral mucosa. After 25-27 days, tumor formation was observed and cisplatin was
injected for 3 weeks. The dissociated cell group and the spheroid group consisted of eight mice each. After tumor formation,
each group was divided into two groups including cisplatin injection (n = 4 with transplantation in both cheeks) and
PBS vehicle injection control (n = 4 with transplantation in both cheeks). Cisplatin (2.5 mg/kg) or vehicle control was
intraperitoneally injected 3 times a week and sacrificed on the 18-23th day after cisplatin administration. Results represent
the mean =+ standard deviation (* p < 0.05).
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To further evaluate blood vessel formation in mice tumors, we performed IHC with
the anti-CD31 antibody. As shown in Figure 6a,c, mice tumors derived from dissociated
cells showed no or little CD31-positive cells. However, anti-CD31 staining produced signals
in a wide range of tissues derived from FaDu or primary HNSCC spheroids (Figure 6b,d).
When we count the CD31-positive cells, a significant difference was found between tumors
derived from monolayer cells and spheroids of both FaDu and primary HNCC cells
(Figure 6e).

(a) FaDu+CAF (b) FaDu spheroid + CAF

] ocel + caF
12 1 g Spheroid + CAF

ﬁ".l"ﬂ

FaDu oscc

-
o

Relative CD31-positive
cell number

o N & O ®

Figure 6. Immunohistochemical analysis of mice tumor tissues stained with anti-CD31 antibody, a specific endothelial
marker (a-d). Representative CD31-positive cells were indicated with black arrows. (e) The CD31-positive cells were
counted in immunostained mice tumor tissues (* p < 0.05, ** p < 0.01).
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Exosomes derived from single culture

2.5. Effect of Exosomes on the mRNA Expression of Angiogenesis-Related Genes in HNSCC Cells

We evaluated the effect of exosomes isolated from FaDu cell or spheroid under single
culture or co-culture with CAF on angiogenesis-related gene expression in FaDu and
primary HNSCC cells. As shown in Figure 7a, the purified extracellular vesicles were
identified as CD63-positive exosomes. The average size and concentration of exosomes are
shown in Figure 7b and Table 1. Figure 7c shows the representative TEM image of each
exosome sample. The concentration of exosomes isolated from CAF was significantly lower
than that of exosomes isolated from cancer cells or spheroids. In addition, the concentration
of exosomes isolated from FaDu and CAF co-culture media was significantly higher than
that of FaDu single culture. Interestingly, the concentration of exosomes isolated from
FaDu spheroid + CAF co-culture was significantly higher compared to FaDu cell + CAFE.

Exosomes derived from co-culture
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Figure 7. Characterization of exosomes derived from conditioned medium of FaDu cell or spheroid with or without CAF
co-culture. (a) Exosomes were bound to the magnetic beads for CD63 capture, followed by FACS analysis. (b) Exosomes
were analyzed for particle size and concentration by the Nanoparticle tracking analysis system using the Nanosight device.

(c) TEM image of exosomes was defined as round-shaped vesicles. Exosomes were isolated twice under biologically

independent conditions, and the representative images are shown.

The results of PCR analysis after treating the same number of exosomes in FaDu and
primary HNSCC cells are shown in Figure 8. Platelet-derived growth factor A (PDGFA)
and platelet-derived growth factor receptor A (PDGFRA) showed no remarkable difference
in the fold change of mRNA expression in cells treated with exosomes isolated from a
single culture of FaDu cell, FaDu spheroid, or CAF (Figure 8a,c). However, the treatment
with co-culture-derived exosomes induced remarkably higher mRNA expression of PDGFA
and PDGFRA than that with single culture-derived exosomes (Figure 8a,c). In addition,
mRNA expression of these two genes was significantly increased when the exosomes
derived from CM of FaDu spheroid + CAF co-culture were treated as compared to that of
FaDu cell + CAF co-culture (Figure 8a,c). The mRNA expression of vascular endothelial
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growth factor (VEGF) and vascular endothelial growth factor receptor 2 (VEGFR2) showed
a similar pattern to that of PDGFA and PDGFRA (Figure 8b,d).

Table 1. Exosome concentration.

Concentration
Exosome Isolated from (Particles/mL/2 x 106 Cells) p-Value
CAF 1.50 x 108 + 1.88 x 107
Single culture FaDu cell 6.29x 108 £ 4.78 x 107
FaDu spheroid 5.47 x 108+ 8.84 x 107 p>005
P : : p <0.05
Concult FaDu cell + CAF 8.21 x 108+ 9.52 x 107 <0.05
o-culture FaDu spheroid + CAF  11.1 x 108 + 1.13 x 107 p==
(a) (b)
&
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Figure 8. Effect of tumor-derived exosomes on the mRNA expression (fold change) of angiogenesis-related genes in HNSCC
cells. (a—d) After treating each exosome isolated from CMs (1-5) with the same concentration for 48 h, FaDu and primary
HNSCC cell nRNA was extracted and qPCR analysis was performed. (e,f) After extracting miRNA from exosomes isolated
from CMs, miR-21 and miR-221 expression levels were analyzed using TagMan MicroRNA Assay Kit. mRNA expression
of PTEN and ZEB2, direct target genes of miR-21 and miR-221, respectively, was compared in HNSCC cells treated with
exosomes for 48 h. PCR analysis was performed two times in triplicate; representative data are shown. The fold change of
each mRNA with the mean =+ standard deviation is presented (* p < 0.05, ** p < 0.01). The number of CM from which the
exosomes are isolated is as follows: 1, FaDu cell; 2, FaDu spheroid; 3, CAF; 4, FaDu cell + CAF; 5, FaDu spheroid + CAF.
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We also analyzed representative exosomal miRNAs regulating angiogenesis in cancer.
As shown in Figure 8e,f, miR-21 and miR-221 levels are higher in exosomes derived
from CM of FaDu spheroid + CAF co-culture compared to that of FaDu spheroid single
culture or FaDu cell + CAF co-culture. PTEN [26] and zinc finger E-box-binding homeobox
2 (ZEB2) [27], which are direct target genes of miR-21 and miR-221, respectively, are
significantly downregulated in HNSCC cells treated with exosomes derived from FaDu
spheroid + CAF co-culture compared to exosomes derived from FaDu cell + CAF co-culture
or other single culture. Interestingly, mRNA expression of VEGF and miR-221 was higher
in the exosomes derived from CAF single culture as compared to that of FaDu cell or
spheroid single culture. In addition, mRNA expression of these two genes was higher in
the exosomes derived from the CAF single culture than in the exosome derived from the
FaDU cell + CAF co-culture, suggesting that CAF might play an important regulatory role
for angiogenesis in the cancer microenvironment.

3. Discussion

To evaluate in vivo tumor models for chemotherapeutic screening under standardized
conditions, mouse tumors formed from cells grown as 2D monolayers or 3D spheroids
with primary CAFs were characterized. We compared tumorigenicity and blood vessel
formation in mice xenograft. Our study revealed that co-injection of patients” CAFs with
3D spheroids caused not only vigorous tumor formation but also substantial blood vessel
formation inside the tumor, with little necrosis, in contrast to the 2D monolayer cells. A
previous study showed that intraperitoneal administration of fibroblasts in nude mice
facilitates their extensive recruitment into the stromal region of remote subcutaneous
tumors derived from human carcinoma cells [28]. In our results, human-specific Ku80
staining in mice tumor tissues formed by cancer cells and patient-derived CAF co-injection
shows relatively even distribution in fibroblasts as well as in cancer cells. Therefore,
it is reasonable to assume that CAFs are distributed in the tumor mi-croenvironment
when co-injected with FaDu, thus contributing to mice xenograft formation. Additionally,
fibroblasts are a key player in tumor microenvironment-mediated drug resistance [29,30].
Therefore, the use of 3D spheroids co-injected with patient-derived CAFs to establish a
mouse model for drug screening may help to determine a more optimal, personalized
chemotherapy regimen.

Hypoxia and necrosis reportedly play important roles in chemotherapy resistance and
tumor progression [31,32]. Previous data showed that the development of a necrotic core
in cancer patients is correlated with increased tumor size and poor prognosis, such as the
emergence of chemoresistance [6,7]. One of the unique clinicopathological characteristics
of OSCC tumors is that necrosis is observed only in limited cases [8,9]. Therefore,in vivo
animal models resulting in very little or no tumor necrosis may be useful for OSCC
chemotherapy screening. Considering these points, a mouse model developed from 3D
spheroids and CAFs may prove useful as a tool for more standardized anticancer drug
screening in the treatment of oral cancer. Our data showing that only the spheroid-derived
tumors were significantly reduced in volume upon cisplatin treatment in the mouse tumor
model derived from FaDu or primary OSCC cells also support this. Using an in vitro 3D
lung cancer model, Lee et al. showed that fibroblasts promoted the formation of nascent
vessel-like tubular structures, resulting in the formation of vascularized tumor tissue [33].
Additionally, fibroblasts altered cancer cell gene expression to enhance metastasis and
angiogenesis. Although the presence of VEGF was sufficient to induce angiogenesis, it was
not sufficient to maintain blood vessels supporting tumor growth [34]. Furthermore, VEGF
was expressed in tumor cells, whereas angiopoietin-1 and -2, which promote vascular
stability and functionality, were expressed in infiltrating host stromal cells [34]. Therefore,
exit from the tumor’s dormant state was marked by stromal cell infiltration, particularly
myofibroblasts. However, little is known about tumorigenesis and angiogenesis according
to CAFs or cell types that induce xenograft formation in vivo.
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The differential blood vessel formation inside mouse tumors in this study, particularly
with the 3D spheroids, can be partly explained with tumor-derived exosomes. Exosomes
are an important component of the tumor microenvironment [35]. Recently, exosomes have
been reported to play an important role in the crosstalk between CAFs and cancer cells,
thereby contributing to carcinogenesis and tumor microenvironment [36]. Yang et al. sug-
gested that specific exosomes released from CAFs can be internalized by cancer cells and
contribute to progression and metastasis by transferring various types of substances [36].
Correspondingly, the exosomes released by cancer cells can also promote the transforma-
tion of CAFs [36]. Cancer cell-derived exosomes have been shown to play a key role in
tumor progression by accelerating angiogenesis [37]. For example, exosomes secreted by
tumor cells carry several potent pro-angiogenic factors such as PDGF, VEGF, TGFf, and
bFGF, which mediate angiogenic activities of endothelial cells [38,39]. In addition, it is
well known that exosomal miRINAs serve a crucial role in tumor—endothelial crosstalk,
thereby regulating angiogenesis and cancer progression. Hsieh et al. demonstrated that
HNSCC-derived exosomes enriched in miR-21 promote tumor progression by facilitating
angiogenesis and tumor invasiveness [40]. In the present study, exosomes isolated from
CM of HNSCC cell spheroid and CAF co-culture caused remarkably higher expression
of genes that promote angiogenesis in HSNCC cells than exosomes obtained from CM of
FaDu cell and CAF co-culture. Consistent with these results, a recent paper showed that
exosomes derived from 3D marrow stem cells had stronger effects on HUVEC cell prolif-
eration, migration, tube formation, and in vivo angiogenesis compared with 2D-derived
exosomes [41]. How the cancer cells secret exosomes with differential functions when in
the spheroid or dissociated cell state demands further study. Furthermore, the specific
substances that promote angiogenesis among exosome components need to be identified.

There are no more previous studies related to in vivo angiogenesis according to the
cancer microenvironment, and in vivo growth of 3D spheroid has not yet been fully charac-
terized. The physicochemical context of 3D spheroids under in vitro or in vivo conditions
has recently begun to be elucidated. Moreover, cellular biochemistry is profoundly in-
fluenced by the microenvironment, including the extracellular matrix, cell-cell contacts,
cell-matrix interactions, cell polarity, and oxygen profiles. Therefore, more in-depth re-
search is needed to evaluate how 3D spheroids of HNSC cells induce vigorous angiogenesis
in the mice xenograft model. Above all, it must be determined whether these results can
be reproduced with other tumor types. Nevertheless, these results will help identify the
molecular mechanisms involved in tumor angiogenesis.

4. Materials and Methods
4.1. Chemicals and Reagents

Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS), and
penicillin-streptomycin were acquired from Invitrogen (Carlsbad, CA, USA). Qiazol was
purchased from Qiagen (Cat# 79306, Germantown, MD, USA), and PCR Master Mix was
purchased from Takara Bio (Otsu, Japan). Rabbit anti-x-SMA (abcam, ab5694) antibody was
from Abcam (Cambridge, UK). Anti-FN1 (Proteintech Cat# 66042-1-Ig, RRID:AB_11182385)
antibody was from Proteintech (Rosemont, IL, USA). Rabbit anti-CD31 and mouse anti-pan-
cytokeratin antibodies were purchased from Abcam (Cambridge, MA, USA). Anti-mouse
(Alexa Fluor 488 conjugate) and anti-rabbit (Alexa Fluor 633 conjugate) secondary antibod-
ies were obtained from Invitrogen (Carlsbad, CA, USA). Rabbit anti-Ku80 (Cell Signaling
TECHNOLOGY Cat# 2753) antibody was from CST (Cell Signaling TECHNOLOGY, Dan-
vers, MA, USA).

4.2. Fibroblast Primary Culture from Fresh HNSCC Tissues

Tumor tissues for fibroblast culture were obtained by surgical resection from two
HNSCC patients (patient 1 for CAF1, TANOMO, gingiva; patient 2 for CAF2, T2NOMO, right
lateral border of the tongue) at Kyungpook National University Hospital. Neither of the
patients had undergone chemoradiotherapy before surgery. The stroma adjacent to the
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cancer was carefully separated by a pathologist, cut into the smallest possible pieces in
sterile DMEM, and seeded into 10-cm culture dishes supplemented with 10% FBS. After
2-3 weeks, fibroblast cells were cultured in a 6-well plate with a cover slide for immunocy-
tochemical analysis. On the following day, the cells were washed and immediately fixed in
4% paraformaldehyde for 1 h. After washing, cells were blocked with albumin serum for
1 h at room temperature. Cells were immunostained with primary antibody for 16 h at 4°C,
followed by incubation with fluorescent secondary antibody at room temperature. Fluores-
cence images were observed under a fluorescence microscope (Carl Zeiss, Thornwood, NY,
USA). To further evaluate the primary CAF cells, the immunostained cells were analyzed
using a flow cytometer (BD Accuri C6 Plus, San Jose, CA, USA).

4.3. FaDu and Primary oral Squamous Carcinoma Cell Culture and Spheroid Formation

The FaDu human HNSCC cell line (ATCC Cat# HTB-43, RRID: CVCL_1218) was
obtained from ATCC (American Type Culture Collection, Manassas, VA, USA) and cultured
in DMEM containing 10% FBS and 1% penicillin—streptomycin solution at 37 °C in a 5%
CO; humidified atmosphere. The cell line was tested for contamination every 2 months
with the CellSafe Mycoplasma PCR detection kit (Cat# CS-D, CellSafe Co., Yongin city,
Korea). In addition, to compare the anticancer effect of cisplatin on tumors in the nude
mice, we established primary cells from HNSCC patient tumor tissue (TANOMO, left buccal
mucosa). Primary cells were obtained after 4 weeks in culture as adherent colonies in
DMEM medium with 5% FBS. To obtain spheroids, cells after 3 passages were seeded into a
96-well U-bottom Ultra-Low Attachment plate (4000 cells/well) (Corning Inc., Tewksbury,
MA, USA) and cultured for 2-3 days until spheroid formation (approximately 400 um in
diameter). When we analyzed the spheroid size with Cell® iMager (Screen Holdings, Shiga,
Japan), the diameter and surface volume of each spheroid were the same within the error
range of 5%. After treatment with trypsin for the spheroid, the number of cells constituting
the spheroid was counted.

4.4. Mouse Xenograft Model

All experimental protocols with mice followed the ARRIVE guidelines (Animal Re-
search: Reporting of In Vivo Experiments) and were approved by the Animal Ethics
Committee of Kyungpook National University (2017-94-2). With respect to tumor size, we
followed the guidelines for sacrificing when the mouse weight is reduced by 20% or the
tumor volume is 10 cm® or more. Nude mice (6-week-old female BALB/c mice, Hyochang
Science, Daegu, Korea) were used to evaluate mouse xenograft derived from FaDu mono-
layer cells or spheroids. Thein vivo tumorigenicity induced by FaDu monolayer cells and
3D spheroids with primary CAFs was compared in the same mice to reduce inter-animal
variability. A total of 50 spheroids from cancer cells (approximately 5 x 10° cells) were
mixed with primary CAF cells (5 x 10°) and immediately injected into the left cheek of
mice using a 22-gauge needle. Dissociated cancer cells (5 x 10°) were also co-injected with
CAF cells (5 x 10°) into the oral mucosa of the right cheeks using a 26%—gauge needle.
Two different primary CAF cells (CAF1 or CAF2) from passage numbers between 5 and 7
were used, respectively. From 20 days after cell transplantation, tumor size was measured
using a caliper. Mice were sacrificed after 7 weeks. Mouse blood vessels were stained by
adopting the cardiac perfusion approach prior to sacrifice. Tumor tissue was extracted and
separated into two pieces, which were subjected to vessel imaging and tumor histological
analysis, respectively. To evaluate whether mice tumor xenograft tissues are derived from
injected human cells or not, tumor tissues were stained with Ku80. Ku80 is human-specific
and broadly expressed throughout the human body with no or low cross-reactivity toward
rat or mouse tissues [42]. Each group comprised five mice.

4.5. Tissue Clearing and Blood Vessel Staining

Mice were anesthetized using a rodent inhalation anesthesia apparatus (VetEquip,
Livermore, CA, USA), which was equipped with vaporizers for isoflurane. For blood
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vessel staining, mice received intra-cardiac injections with 100 puL lycopersicon esculen-
tum lectin along with perfusion via the left ventricle aorta. After rinsing with approxi-
mately 30 mL PBS for 5 min, mouse tissues were fixed with 50 mL of 4% paraformalde-
hyde for 30 min. Tumor tissue was removed and placed in 4% paraformaldehyde for
12 h. Tissue (5 mm x 5 mm) clearing was performed using the Binaree Tissue Clearing Kit
(SHBC-001, Binaree, Daegu, Korea). Briefly, the tissue was immersed in fixing solution
for 24 h followed by immersion in tissue clearing solution and incubated in an incubator
shaker at 35°C for 18 h. After rinsing three times with washing solution, the tissue was
incubated in Mounting and Storage solution (Binaree, Daegu, Korea) for 24 h.

Blood vessel formation in tumor tissues was evaluated using a Lightsheet Z.1 fluo-
rescence microscope (LSFM, Zeiss Corporation, Jena, Germany) with 5 x /0.1 dual side
illumination optic and a Plan-Neofluar 5 x /0.16 objective lens (Zeiss). Fluorescence was
excited with lasers at wavelengths of 488 nm and 561 nm, and emission was detected
using 505-545 nm and 575-615 nm band-pass filters. The LSFM imaging data were saved
as a czi file using the ZEN software (Zeiss), and image reconstruction was subsequently
performed using Arivis Vision4D software (arivis-AG, Rostock, Germany) and Imaris
software (Bitplane, Concord, MA, USA).

4.6. Real-Time Polymerase Chain Reaction (gPCR) of mRNA and miRNA

RNA extraction, cDNA synthesis, and gene expression normalization were performed
according to standard protocols [43]. The primers employed in qPCR are listed in Supple-
mentary Table S1. qPCR was performed using an ABI 7500 real-time PCR system (Applied
Biosystems, Waltham, MA, USA). Expression levels of these genes were normalized to
those of GAPDH. The fold change of gene expression level was calculated based on the
values of the Acycle threshold (ACt), which was determined by normalizing the average Ct
value of each treatment to that of the endogenous GAPDH control and then calculating the
2-84Ct yalue for each treatment. miRNAs were extracted using a miRNeasyR® Mini Kit
(Qiagen, Germantown, MD, USA), according to the manufacturer’s instructions. cDNA
was synthesized using RT-PCR Kit (Cat# 436596, Applied Biosystems, Waltham, MA, USA)
with 10 ng of miRNA. miRNA level was quantified using a TagMan MicroRNA Assay Kit
(Applied Biosystems, Waltham, MA, USA).

4.7. Cisplatin Effect on Mice Tumor Derived from FaDu and HNSCC Primary Cell

To compare the effect of cisplatin, one of the representative chemotherapeutics for
cancer, on tumors derived from dissociated cells or spheroids, a xenograft nude mouse
model was established from FaDu or HNSCC patient-derived primary cancer cells. A total
of 50 spheroids from cancer cells (approximately 5 x 10° cells) were mixed with primary
CAF2 cells (5 x 10°) and immediately injected into the oral mucosa of both mouse cheeks
using a 22-gauge needle. Dissociated cancer cells (5 x 10°) were also co-injected with
CAF cells (5 x 10°) into the oral mucosa of both cheeks. The spheroid group and the
dissociated cell group consisted of eight mice each with transplantation on both cheeks.
After tumor formation, the groups were divided into two groups of cisplatin injection and
PBS vehicle injection control. After tumor formation was detected, mice were divided into
two groups. Cisplatin (2.5 mg/kg) or vehicle was intraperitoneally injected 3 times a week
for 18-23 days, and mice were sacrificed.

4.8. Exosome Isolation and Characterization

FaDu spheroids or cells were co-cultured with primary CAF2 in DMEM containing
10% FBS and 1% penicillin-streptomycin solution using Transwell (Corning, Tewksbury,
MA, USA). The proportion of FaDu cells and CAFs in both 2D and 3D co-culture is 50% and
50%. The sum of the total number of cells in both monoculture and co-culture was 2 x 10°.
After 24 h, the growth medium was replaced with serum-free DMEM and maintained for
8 h more. The conditioned medium (CM) was collected for exosome isolation. Exosomes
were isolated by ultracentrifugation in accordance with the manufacturer’s instructions.
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Briefly, the CM was centrifuged at 2000x g for 30 min at 4 °C. The supernatant was then
transferred to a new tube and combined with Total Exosome Isolation reagent (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA) and incubated overnight according to the
manufacturer’s protocol. The extracellular vesicle was then isolated by centrifugation
at 10,000x g at 4 °C for 1 h. The exosome-containing pellets were re-suspended in PBS
solution. The yield of the exosome preparation was determined by the Nanoparticle
tracking analysis system (Nanosight NS300, Malvern, United Kingdom). CD63 was used
as specific exosome markers. To characterize the isolated exosomes, they were bound to
the magnetic beads for CD63 capture (CD63 Exo-Flow Capture Kit, EXOFLOW300A-1,
System Biosciences, Palo Alto, CA, USA), followed by FACS analysis (Accuri™ C6 Plus
Flow Cytometer, Becton Dickinson and Company, Franklin Lakes, NJ, USA). To acquire
the TEM image of the exosome, we prepared three grids (200 mesh, 01800-F, Ted Pella
Inc., Redding, CA., USA.) coated with Formvar/carbon per sample. Grids were then
air-dried and viewed on a Bio transmission electron microscope (Hitachi TEM HT7700,
Tokyo, Japan).

4.9. Effect of Exosome on the mRNA Expression Related to Blood Vessel Formation in Cancer Cells

FaDu and primary HNSCC cells were seeded at 300,000 cells/well in 6-well plates.
Cell culture was performed under serum-free DMEM for 16 h before the treatment of
exosome. Exosome was treated at 11 x 10° particle/well to HNSCC cells for 48 h, followed
by mRNA extraction for qPCR analysis.

4.10. Statistical Analysis

Statistical parameters, including in vivo animal analysis, are indicated in the figure
legends. All statistical analysis was conducted with Origin v.8.0 software (OriginLab,
Northampton, MA, USA). Differences between groups were evaluated with the parametric
two-tailed unpaired Student’s t-test. Data were considered significant when p < 0.05.
Significant p values are represented in the figures.

5. Conclusions

Our results reveal that tumor tissue characteristics differ with the injection of cells
grown as a 2D monolayer or 3D spheroids with CAF co-injection. The mouse xenograft
tumor model derived from 3D spheroids of cancer cells with co-injection of patient-derived
CAFs showed a remarkable extent of angiogenesis inside the tumor. In addition, cisplatin
injection into the mice with cancer cell- or spheroid-derived tumors caused a significant
decrease in tumor size only in the spheroid-derived tumors, supporting our hypothesis.
This data should be helpful in reproduce more accurately the cancer microenvironment,
particularly in HNSCC, thereby facilitating a more optimal evaluation of drug effects in
mice xenograft. Additionally, CAFs derived from HNSCC patients are expected to more
accurately replicate the patient’s specific cancer microenvironment in mouse models, so it
is expected to be applied to experimental models for patient-specific drug treatment.
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