communications biology

Article

https://doi.org/10.1038/s42003-024-07194-2

3D keloid spheroid model: Development
and application for personalized drug

response prediction

M| Check for updates

YoungHwan Choi ® '?, Hyung-Suk Jang', Joonho Shim®, Eunhye Yeo'?, Min-Hee Kim', Hyungrye Noh',
Sejin Oh', Ji-Hye Park®', Dongyoun Lee ®' & Jong Hee Lee ® '

Research on keloid is limited by the lack of proper in vitro and animal model reflecting in vivo status.
Based on heterogeneity of keloid and important role of endothelial cells in its pathogenesis, a novel 3D
in vitro keloid spheroid prepared with keloid fibroblasts and endothelial cells was evaluated in this
study. Commercial cell lines of keloid fibroblasts and endothelial cells were used at various cellular
ratios to generate keloid spheroids to determine the optimal condition. Keloid spheroids from three
keloid patients were also made and their usefulness as in vitro models, including their responses to
drugs, were assessed. Spheroids with higher endothelial cell proportions exhibited increased viability
and propagation ability. Patient-derived keloid spheroids showed heterogeneity which might reflect
individual clinical conditions. The optimal ratio of fibroblasts to endothelial cells was determined to be
4:1 for keloid spheroids based on gene expression and viability analyses. Patient-derived keloid
spheroid showed better keloidal changes in genetic expressions than 2D monolayer culture.
Spheroids exhibited varied responses and resistance to each drug used for keloids, depending on the
cell type used. 3D keloid spheroids might provide an effective in vitro model for investigating disease

pathogenesis and appropriate treatment modalities for future precision medicine.

Keloid is a non-cancerous fibroproliferative disorder that develops beyond
the margins of an initial wound. It shows an excessive thickened collagen
deposition in the dermis with a high vascularity. Although various treat-
ments, including intralesional injections of triamcinolone, fluorouracil, and
bleomycin, have been tried for keloids, treatment responses vary among
patients and lesions. Currently, there is no way to predict drug response
before treatment.

Since keloid is a unique disease of humans, it is hard to make an animal
model. Diverse in vitro keloid models have been reported'~. Of them, the
most commonly used in vitro keloid model is a two-dimensional (2D)
monolayer fibroblast cell culture system. However, it has a fundamental
limitation of having little cellular interactions and collagen depositions,
which are major characteristics of keloids™'. Although co-culture models
show increased cellular interactions to some degree, they cannot reflect
tissue architecture’.

The three-dimensional (3D) cultural technique is widely used to study
the pathogenesis of diverse tumorous conditions, especially cancers’.
Among currently available 3D culture models, organoids might reflect the

in vivo environment better than spheroids. However, they have lower
productivity and longer generating time than spheroids’. Spheroids can be
generated massively with a short generation time. In addition, they reflect
both cellular interactions and tissue architecture’”. Previous studies have
demonstrated that spheroids are 3D cell culture models with increased
cellular interactions, resembling genetic expression profiles of in vivo
tissues™”. The potential use of spheroid models for drug screening and
optimization has been evaluated in multiple studies*".

However, spheroids have not been widely used for studying keloids so
far. Previously reported keloid spheroids simply used harvested keloid tis-
sues themselves from the central dermal layer of an active stage keloid
patient without epidermis. Authors have cultured primary keloid spheroid
under submerged conditions'. In addition, since a 2D monolayer cell cul-
ture of keloid fibroblasts shows limited genetic expression profiles associated
with fibrosis, spheroids in keloid studies are thought to be helpful for
modeling keloids'”.

Heterotypic cellular interaction is an important factor in the patho-
genesis of keloids. Previous studies have mainly focused on cellular
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interactions of keratinocytes and fibroblasts in keloids so far'*'*. However,
endothelial dysfunction is thought to play an important role in the patho-
genesis of keloids recently"”. Recent advances in single-cell RNA sequencing
technologies have also revealed that endothelial cells play a critical role in the
pathogenesis of keloids'*"”. In our previous study on keloids using single-cell
RNA sequencing and spatial transcriptomics, we observed that the
expression of keloid marker genes was elevated in the deep dermis sur-
rounding blood vessels, but not in the superficial dermis'®. This finding led
us to focus on the importance of endothelial cells rather than keratinocytes
in keloids and to develop the idea of a spheroid model to examine the
interactions between fibroblasts and endothelial cells. In previous studies
where fibroblasts were used to create spheroids, deactivation of fibroblasts
was observed'®"’. However, these studies only utilized fibroblasts to form the
spheroids. Our research aims to investigate the effects when spheroids are
composed of a mixture of fibroblasts and endothelial cells. By examining the
interactions between endothelial cells and fibroblasts, which are crucial to
the pathophysiology of keloids, we aim to develop a more representative
model of keloids.

In this study, due to the absence of suitable in vivo and animal models
for keloids, we propose the development of a 3D structured model. Initially,
we utilized spheroid technology to establish a more precise in vitro model of
keloids, incorporating keloid fibroblasts and endothelial cells. Subsequent
steps involved evaluating the biological activities, gene expression profiles,
and drug responses of these keloid spheroids. This comprehensive evalua-
tion aimed to validate the spheroid model’s utility as a reliable tool for
studying keloids and assessing drug efficacy. The primary goal is to develop
personalized treatment strategies where drug responses observed in patient-
derived models can guide the optimization of therapeutic regimens for
individual patients.

Results
Formation of keloid spheroids using ATCC keloid fibroblasts and
endothelial cells
First of all, a commercial cell line (CRL1762, ATCC, Manassas, VA, USA) of
keloid fibroblasts was used to determine the optimal condition of keloid
spheroids. Keloid spheroids were formed using ATCC keloid fibroblasts (F)
and HUVEC:s (E) at ratios of 1:0 (A(F1E0)), 8:1 (A(F8E1)), 4:1 (A(F4E1)),
2:1 (A(F2E1)), and 1:1 (A(F1E1)). We found that aggregated cells changed
their densities. Therefore, we classified them into different states such as
aggregate, pre-compaction, compact spheroid, pre-regression, and regres-
sion (Fig. 1a). According to cellular ratio, keloid spheroids showed different
state changes (Fig. 1b, c). In A(F1E0), compact spheroids were formed on
day 2, which was the earliest. However, they could not maintain compact-
ness, eventually regressing after day 4. On the other hand, compact spher-
oids started to form on day 3 and plateaued from day 4 to day 6 in A(F8E1),
A(F4E1), and A(F2E1). Since A(F1E1) could not form a compact spheroid
until day 6, the 1:1 ratio was thought to be an inadequate ratio for further
analysis. Taken together, endothelial cells were thought to be needed for
maintaining keloid spheroids. However, too many endothelial cells dis-
rupted the formation of keloid spheroids. In addition, it was found that at
least 4 days were needed to form and maintain compact spheroids in keloid.
Next, we measured areas of spheroids and set the area of A(F1E0) as a
control (Fig. 1d). At day 6, the area of the spheroid ranged from 10,804 to
25,118 um’. The area was the largest for A(F1E1) and the second largest for
A(F4El), both showing a significant increase compared to the area of
A(F1EO0). However, A(F1E1) could not form compact spheroids as men-
tioned above. A(F4E1) could form and maintain compact spheroids with a
large area.

Cell viability assay of keloid spheroids

Results of cell viability assay showed that A(F1E0) had a low cell viability in
the center from day 4 (Fig. 2). On the contrary, spheroids with endothelial
cells had higher cell viability in the center. Cell viability was likely to be
increased with a higher proportion of endothelial cells. When comparing
keloid spheroids on day 6 with those on day 4, the size of the spheroids

decreased across all groups, which suggests that nonviable cells in 3D
spheroids gradually detached between day 4 and day 6.

Composition and propagation assay of keloid spheroids

Since compact spheroids were maintained from day 4 while nonviable cells
were increased after day 4, we used day 4 spheroids to perform the following
analyses. We determined cellular composition with confocal fluorescence
microscopy and propagation ability with propagation assay (Fig. 3). Results
of the composition assay using confocal microscopy confirmed that fibro-
blasts and endothelial cells were well mixed in all groups (Fig. 3a). Next, we
examined and quantified propagation area of keloid spheroids by per-
forming a propagation assay (Fig. 3b, c). Since both the sprouting area of
endothelial cells and the proliferating area of fibroblasts could be present in
the propagation area, we set the propagation area of A(F1E0) as a control.
A(F4El) and A(F2E1) showed significantly increased propagation areas
compared to A(F1EO) at day 5. Therefore, A(F4E1) and A(F2E1) showed
higher propagation abilities than other spheroids.

Determination of proper keloid fibroblast and endothelial

cell ratio

A higher proportion of endothelial cells gave a higher cell viability of keloid
spheroids. Both A(F4E1) and A(F2E1) showed maintenance of compact
spheroids with better cellular viability and propagation ability. However,
only A(F4E1) showed significant increases in area. Accordingly, it was
reasonable to think that the 4:1 ratio was the best ratio for evaluating and
modeling keloids, followed by the 2:1 ratio.

Formation of keloid spheroids using patient-derived keloid
fibroblasts and endothelial cells

We then generated keloid spheroids (K1, K2, K3) using patient-derived
keloid fibroblasts obtained from biopsies at the same anatomical location
from three patients. As 4:1 and 2:1 ratios were thought to be optimum ratios
for keloid spheroids in previous experiments using commercially available
ATCC keloid fibroblasts, we generated spheroids with patient-derived
keloid fibroblasts and HUVECs at ratios of 4:1 (K1(F4E1), K2(F4E1),
K3(F4E1)) and 2:1 (K1(F2E1), K2(F2E1), K3(F2E1)) (Fig. 4a, b).

On microscopy, K1 showed compact spheroids from day 3. However,
these spheroids partially regressed on day 6. K2 and K3 formed compact
spheroids from day 2. These spheroids were maintained until day 6. At day
6, the area of the spheroid ranged from 13,489 to 23,427 pmz. The area was
the largest in K3(F4E1) but the smallest in K2(F4E1).

Quantitative RT-PCR of keloid spheroids

RNA expression of each keloid spheroid was then compared with the same
number of cells (fibroblasts and HUVECs) in 2D monolayer culture as
control (Fig. 5). It was found that keloid spheroids had significantly
increased expression levels of all keloid gene markers. When genetic mar-
kers were divided by the degree of average expression, COLIA1, ADAMI2,
and HIFIA showed less than a 10-fold increase. On the other hand,
COL3A1, HTRA1, TGFB1, TGFB3, CTHRCI, and MMPI14 showed more
than 10-fold increase. COLIAI and TGFB3 showed more expression levels
than COL3A1 and TGFBI, respectively. When the effects of different cellular
ratios on gene expression levels within each group were compared, gene
expression levels were likely to increase when the cellular proportion of
fibroblasts increased. This increase was statistically significant as deter-
mined by simple linear regression analysis in Supplementary Fig. Sl
(R*=04, p<0.001). Since the 2:1 ratio showed the least increase among
different ratios in all groups, the 2:1 ratio was not thought to be an optimum
ratio for keloid spheroids as an in vitro model. Interestingly, keloid spher-
oids made of commercially available ATCC keloid fibroblasts showed
higher gene expression levels than patient-derived keloid spheroids except
for ADAM]I2. Patient-derived keloid spheroids demonstrated a different
profile of gene expression in this analysis. This means that various clinical
manifestations and activities of keloids can be reflected in patient-derived
keloid spheroids.
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Fig. 1 | Formation of keloid spheroids using dif-
ferent ratios of ATCC keloid fibroblasts and
HUVECs. a State change of aggregated cells
according to density, scale bar = 100 um.

b Representative microscopic images of keloid ¥
spheroids at different cell ratios, scale bar = 200 pm.
¢ Change of spheroid state on each day. Regression
observed in A(F1E0) indicated that endothelial cells

Aggregate
were necessary for maintaining keloid spheroids,
whereas an excessively high ratio of endothelial cells b
in A(F1E1) prevented the formation of compact
spheroids. d Changes of the spheroid area on each
day. One-way ANOVA was performed to assess A(F1EOQ)
statistical significance. Data represent mean +
standard error of the mean of three biologically
independent experiments. *p < 0.05 and **p < 0.01.
A(F8E1)
A(F4E1)
A(F2E1)
A(F1E1)
100+
& 804
S 60
s
Q. 404
3
o

204

Proportion (%)

30000+
25000+
20000+
15000
10000

5000

Area (um?)

& ol R

Pre-compaction

Compact spheroid

1 2
E‘ ‘ .

Pre-regression Regression

6 (Day)

A(F1EO) A(FSE1) A(F4E1)
100 100
I 80 g0
S 60 5 60
$ :
g_ 40 340
2 2 2 20
0 0
2 3 4 5 & 12 3 4 5 & 12 3 4 5 6
Day Day Day
A(F2E1) A(FIET)
100 Aggregate
& a0 mm Pre-compaction
.15: 60; B Compact spheroid
§-w Bl Pre-regression
a 20 B Regression
[
2 3 4 5 & 1.2 3 4 5
Day Day
o~ A(F1E0)
= A(FS8E1)
-+ A(F4E1)
v A(F2E1)
~+ A(F1E1)

Drug assay

A drug assay was performed to assess the potential of keloid spheroids as an
instrumental platform for in vitro drug screening. To minimize the effects of
regression during drug assays, we examined the drug responses in keloid
spheroids at the pre-compaction and compact spheroid stages. When
combined with the results of spheroid size and cell viability, these findings
suggest that day 4 spheroids are most suitable for drug assays. For

comparison, drug assays were also conducted using 2D monolayer cultures
of keloid fibroblasts, as well as spheroids and 2D monolayer cultures of
normal fibroblasts. The drug responses of 3D spheroids, consisting of ATCC
keloid fibroblasts and HUVECs at a 4:1 ratio (A(F4E1)), spheroids made
with patient-derived keloid fibroblasts and HUVECs (K1(F4E1), K2(F4E1),
K3(F4El)), as well as spheroids made with normal fibroblasts and HUVECs
at a 4:1 ratio (N(F4E1)), were evaluated. The drug responses in 2D
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A(F1EO)

A(FS8E1)  A(F4E1)  A(F2E1)

M Propidium iodide

Fig. 2 | Cell viability assay of keloid spheroids using a live cell staining with calcein
AM and a dead cell staining with propidium iodide. Viable cells are shown in green
and nonviable cells are shown in red.

monolayer culture were evaluated using fibroblasts and HUVECs in the
same cellular ratio as those used in each group of spheroids. Fig. 6 delineates
both live/dead cell staining images of spheroids (Fig. 6, column a) and
relative volumes of spheroids (Fig. 6, column b), as well as cell viability
results from the 2D monolayer culture (Fig. 6, column c).

In 3D spheroids, the efficacy of administered drugs was deduced from
notable alterations in diameter and a reduction in compactness as observed
by confocal microscopy. It was further corroborated by a reduction in the
relative volume of spheroids compared to the vehicle. It was observed that
the drug responsivity exhibited by keloid spheroids depended on the source
of fibroblasts. Notably, A(F4E1) manifested responsiveness to all tested drugs
at concentrations of 10 uM and 100 uM (Fig. 6b, row A). In a contrasting
observation, K1(F4E1) (Fig. 6b, row B) and K3(F4E1) (Fig. 6b, row D)
exhibited a response solely to fluorouracil at a concentration of 100 uM,
while demonstrating negligible responsiveness to both triamcinolone and
bleomycin. Conversely, K2(F4E1) demonstrated susceptibility to fluorouracil
at both 10 uM and 100 pM concentrations and exhibited tangible responses
to triamcinolone and bleomycin at a concentration of 100 uM (Fig. 6b, row
C). In normal fibroblast spheroids, drug responses were observed with
fluorouracil at a concentration of 100 uM and bleomycin at both 10 M and
100 uM (Fig. 6b, row E). For drug assays of 2D monolayer cultures,
triamcinolone showed no effect across all groups (Fig. 6¢).

Discussion

In recent years, not only tumor cells but also cells from the tumor envir-
onment including endothelial cells are used for the formation of hetero-
geneous spheroids™* . These heterogeneous spheroids can represent in
vivo tissues more than a 2D monolayer cell culture model. According to a
previous study’, heterogeneous spheroids with fibroblasts and macrophages
show increased expression levels of genes related to fibrosis and inflam-
mation with more collagen depositions than 2D monolayer culture.
Another study has shown that gene expression profiles of heterogeneous
spheroids with glioblastoma cells and HUVECs are consistent with in vivo
glioblastoma studies™.

In the present study, we generated keloid spheroids using commercially
available keloid fibroblasts and patient-derived keloid fibroblasts with
endothelial cells. Keloid fibroblasts were well mixed with endothelial cells in
spheroids. Cells in the center of spheroids were found to have a short
lifespan. However, the presence of endothelial cells could prolong the life-
span of central cells. Spheroids showed different degrees of aggregation,
changes in area, and angiogenesis according to cellular ratio. Proper size and
cellular ratio of spheroids are important factors for both the viability and

representativeness of in vivo tissues. A previous study" has suggested that a
diameter of 200 um is an optimal diameter for spheroids due to increased
viability, homogeneity, collagen deposits, and expression of fibrosis-related
genes. All compact spheroids in this study had diameters of around 200 pm.
For a proper cellular ratio, since there have been no studies mixing keloid
fibroblasts and endothelial cells for keloid spheroids, we could only refer to
former spheroid studies using normal fibroblasts and endothelial cells. One
study has evaluated endothelial cell attachment, survival, and angiogenic
activity in spheroids and suggested that the optimum cellular ratio for
fibroblast and endothelial cells is 10:1**. Another study has confirmed that a
vascular network is generated without needing artificial matrix compounds
in spheroids with a 4:1 ratio of fibroblasts and endothelial cells”. In the
present study, we found that a higher proportion of endothelial cells
increased cell viability, while a higher proportion of fibroblasts increased
gene expression. Before analyzing gene expression profiles, 4:1 and 2:1 ratios
were thought to be optimum ratios for keloid spheroids. However, RT-PCR
results for patient-derived keloid spheroids showed a dramatic increase in
gene expression at a 4:1 ratio compared with those at a 2:1 ratio. Taken
together, we propose that a 4:1 ratio is an optimum ratio for mixing keloid
fibroblasts and endothelial cells for further keloid spheroids studies.

While former co-culture studies of keloid fibroblasts have shown
increased vascular formation in endothelial cells'**, the role of endothelial
cells in keloid spheroids has not been revealed yet. Keloid spheroids show a
propagation ability essential for tumor survival. Interactions of fibroblasts
and endothelial cells in keloids are increasingly emphasized by various
multi-omics studies'>””"’. The role of vessels in keloids has also been
widely studied in many clinical studies using different modalities™ .
Therefore, it is undeniable that endothelial cells are necessary for building
keloid spheroids to represent in vivo keloids.

Vascular formations by endothelial cells are needed for cells to survive
in either in vivo tissues or spheroid conditions. Although mixing endothelial
cells could prolong the lifespan of spheroids to some degree, keloid spher-
oids still show many necrotic cells in the center. This phenomenon might be
explained by the high metabolic rate of keloid fibroblasts and the role of
hypoxia in the pathogenesis of keloids”*'. Based on these findings, keloid
spheroids in this study might be an appropriate model for in vivo keloids.
Nemosis, a programmed necrosis-like cell death of aggregated fibroblasts,
might also explain this phenomenon®”. One study*’ has suggested that
fibroblasts in spheroids show activation with increased expression of genes
associated with proinflammation, proteolysis, and growth factors. These
spheroids are subsequently decomposed by a programmed necrosis-like cell
death®. Since nemosis has not been identified in in vivo keloids yet, the role
of nemosis in keloids should be identified through further studies.

Both commercial keloid fibroblast cell lines and patient-derived keloid
fibroblasts were used to make keloid spheroids in this study. Keloid
spheroids showed different compactness with different gene expression
profiles and drug responses according to the fibroblasts used. The hetero-
geneity of keloids might be the reason for this. As shown in Fig. 5, spheroids
generated with commercially available keloid fibroblast expressed higher
levels of all keloid-associated genes (except for ADAMI2) than patient-
derived keloid spheroids. Commercially available keloid fibroblasts were
assumed to have high keloid activities in every aspect. Therefore, they could
not reflect individual patients’ clinical conditions. In the present study,
patient-derived keloid fibroblasts were all obtained from keloids in the chest
to reduce possible bias of location. A previous study has insisted that the
clinical condition of scars can be classified as collagen excess and vascular
dominant status, in which a rather stable keloid is associated with the final
result of collagen excess status, which indicates that an active keloid with
unstoppable growth and discomfortable symptoms are more like to be
related to a vascular dominant status®.

We observed a significant elevation in the levels of keloid markers in a
3D spheroid model of keloids compared to a 2D culture model. These
genetic markers were previously identified in our research on keloid patient
samples as crucial indicators related to the pathogenesis of keloid
formation'®. COLIAI and COL3AI are essential components of the
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Fig. 3 | Composition and propagation assay of
keloid spheroids. a Representative images of a
mixture of fibroblasts and HUVEC:s in keloid
spheroids on day 4, scale bar = 100 um.

b Representative images of propagation assay, scale
bar = 200 pum. ¢ Change of propagation area on each
day. One-way analysis of variance was performed to
assess statistical significance. Data represent

mean * standard error of the mean of at least five
biologically independent replicates. *p < 0.05

and **p <0.01.
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extracellular matrix (ECM) and are typically upregulated in fibrotic con-
ditions, contributing to the excessive collagen deposition characteristic of
keloids. TGFBI and TGFB3 are critical cytokines that modulate ECM
production and fibroblast activity, potentially explaining their increased
expression in the more physiologically relevant 3D environment. HIFIA, a
key regulator of cellular responses to hypoxia, may be elevated due to the
limited oxygen diffusion in the dense spheroid model, mimicking the
hypoxic conditions of keloid tissue. MMP14, HTRAI, and ADAMI2 are
involved in ECM remodeling and degradation, processes that are likely
amplified in the 3D model where fibroblast and endothelial cell interactions
are more complex and dynamic. CTHRCI, associated with tissue repair and
remodeling, might be upregulated in response to the enhanced cell-cell
interactions in the spheroid model. These findings suggest that the 3D
spheroid model better replicates the in vivo environment of keloids, where
fibroblast and endothelial cell interactions are more prominent, leading to

the elevated expression of these genetic markers. Hypothetically, the 3D
structure facilitates a more natural cell morphology and function, con-
tributing to a better representation of keloid pathology and the associated
molecular responses.

Spheroids have been extensively employed in drug screening, although
the majority of research studies have focused on cancers*'**’. Previous
studies"*** have shown that 3D spheroids have more drug resistance than 2D
culture models. This resistance arises because spheroids can mimic crucial
in vivo tumor characteristics such as 3D morphology, hypoxia, and elevated
genetic expressions**’. In line with these findings, our study suggests that
keloid spheroids likely offer a more accurate representation of in vivo keloids
than 2D culture models, further highlighting the value of spheroids as
in vitro models for drug screening. One study® has suggested that size-based
analysis is an appropriate method for evaluating drug responses in tumor
spheroids. Consequently, we assessed the volume of keloid spheroids to
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evaluate drug responses. Depending on the type of cell utilized, keloid fibroblasts derived spheroid responded well to triamcinolone, fluorouracil,
spheroids exhibited varying drug responses in terms of volume reduction, and bleomycin, while spheroid made of patient-derived fibroblasts showed
which might provide insights into the in vivo treatment response in keloid  different responses to three drugs. Interesting findings were that spheroids
patients. This study demonstrated that commercially available keloid from patients-derived fibroblasts did not respond well to triamcinolone,
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Fig. 5 | Quantification with real-time PCR. Relative RNA expression levels in each
spheroid group compared to those in 2D monolayer cultured fibroblasts and
HUVECs at day 4. One-way analysis of variance was performed to assess statistical

significance. Data represent mean + standard error of the mean of biological tri-
plicate samples. *p < 0.05 and **p < 0.01.

which is the first-line drug for the treatment of keloid. In practice, patients
who donated keloid fibroblasts (K1, K2, and K3) would not respond well to
triamcinolone intralesional injection, and combined with these results,
patient-derived keloid spheroids might be more suitable for personalized
medicine. The potential role of keloid spheroids for predicting treatment
responses for precision medicine or developing new drugs is promising.

A limitation of this study was that HUVECs were used to generate
keloid spheroid. Multi-omics studies have shown that keloid-specific
endothelial cell clusters can express different genetic patterns'®'". If we
separate and use endothelial cells from keloid tissues, they could reflect
better in vivo keloid microenvironments. The low cellular viability in the

center of keloid spheroids was another limitation of this study. Although this
might be explained by hypoxia in keloids or nemosis of fibroblast spheroids
as mentioned above, methods to increase the cell viability of spheroids are
needed. Adding growth factors or collagen fibrils in spheroids might pro-
long cell viability***. Further studies are needed to find ways to prolong the
lifespan of spheroids.

In this study, we developed a 3D keloid spheroid model using a
combination of keloid fibroblasts and endothelial cells, which better
represents the complex cellular interactions and gene expression profiles
observed in vivo compared to traditional 2D cultures. The optimal cellular
ratio of fibroblasts to endothelial cells was identified as 4:1, which effectively
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Fig. 6 | Drug responses in keloid and normal fibroblast spheroids and 2D
monolayer cultures. a 3D spheroid images: Representative images of spheroids
made from different cell sources treated with vehicle, 10 uM, and 100 uM con-
centrations of triamcinolone, fluorouracil, and bleomycin. Calcein AM (green) was
used for live cell staining and propidium iodide (red) for dead cell staining. Scale
bar = 100 pm. b 3D spheroid volume: Changes in the relative volume of spheroids for
each drug and concentration. Drug efficacy in 3D spheroids was determined by
changes in spheroid diameter and compactness observed via confocal microscopy

mm Triamcinolone Il Fluorouracil Em Bleomycin

and quantified by relative spheroid volume reduction. ¢ 2D cell viability: Cell via-
bility results from the 2D monolayer culture for each drug and concentration. Rows
A, B, C, D, and E correspond to different cell sources: A(F4E1) (ATCC keloid
fibroblasts), K1(F4E1), K2(F4E1), K3(F4El) (patient-derived keloid fibroblasts),
and N(F4E1) (normal fibroblasts), respectively. One-way ANOV A was performed to
assess statistical significance. Data represent mean =+ standard error of the mean of at
least five biologically independent replicates. *p < 0.05, **p < 0.01.
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Fig. 7 | Detailed methods of keloid spheroids formation, viability assay, composition assay, and propagation assay.

balances the viability and activity of keloid spheroids, highlighting the
crucial role of endothelial cells in keloid spheroids. The study also high-
lighted the heterogeneity in drug responses among keloid spheroids,
underscoring the potential of this model for personalized medicine. The
differential drug responses observed in these spheroids suggest that keloid
spheroids could be instrumental in predicting individual patient responses
and guiding personalized treatment strategies, ultimately improving clinical
outcomes for keloid patients.

Methods
Detailed methods are described in Fig. 7.

Preparation of fibroblasts and endothelial cells

Keloid fibroblasts were obtained from a commercial cell line and keloid
patients who were confirmed to have keloids based on clinical features and
histopathologic examination. This study was approved by the Institutional

Review Board (IRB) of Samsung Medical Center (IRB number: SMC 2020-
03-032). An informed consent was obtained from all patients. All ethical
regulations relevant to human research participants were followed. For
group A, a commercial keloid fibroblast cell line (CRL1762, ATCC, Man-
assas, VA, USA) was used. For groups K1, K2, and K3, keloid fibroblasts
were derived from patients who had different clinical responses to treat-
ment, all obtained from the same anatomical location via excisional biopsies
(Supplementary Table 1). For group N, normal fibroblasts were obtained
from the skin of a healthy individual without keloids for comparison in the
drug assay.

Keloid tissues were planted onto dishes for an explant culture and
fibroblasts were separated. Fibroblasts were cultured in DMEM (Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 10% heat-
inactivated fetal bovine serum (Thermo Fisher Scientific, Waltham, MA,
USA), and 1% penicillin-streptomycin (Gibco, Carlsbad, CA, USA). For
endothelial cells, a commercial cell line of human umbilical vein endothelial
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cells (HUVECs) (C2519A, Lonza, Basel, Switzerland) was used and cultured
in EGM™-2 BulletKit™ media (Lonza, Basel, Switzerland). Fibroblasts and
HUVECs used for all experiments were between passages 3 and 5.

Spheroid formation

The number of fibroblasts per spheroid was fixed to be 2000. For endothelial
cells, the number of cells was changed to 0, 250, 500, 1000, and 2000 to find
the optimal cellular ratio for keloid spheroids. Fibroblasts and endothelial
cells were then mixed according to the defined cellular ratio (1:0, 8:1, 4:1, 2:1,
1:1). They were loaded on the top of a 100 mm culture dish. The two types of
cells were mixed in 40 uL. DMEM supplemented with 10% heat-inactivated
fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, USA), and 1%
penicillin-streptomycin (Gibco, Carlsbad, CA, USA). A hanging drop
method was used to generate spheroids. Dishes were carefully turned over
and 3 mL of PBS was placed in the chamber at the bottom of the dish to
prevent spheroids from drying out. They were then incubated in a 5% CO2
incubator. Their daily state was observed using an inverted microscope
(CKX53, Olympus, Shinjuku, Japan). The area of the spheroid was mea-
sured from the darkest area in the microscopic images. The experiments
were repeated three times independently. For each independent experiment,
quantification was performed on at least 8 spheroids per culture condition
and per cell line.

Cell viability assay

Spheroids were collected from the incubator on days 2, 4, and 6. A Live/
Dead Cell Double Staining Kit (Sigma-Aldrich, Burlington, MA, USA) was
used to determine the cell viability of spheroids. Spheroids were stained
according to the manufacturer’s protocol. Live cells were observed at an
excitation wavelength of 490 nm of green fluorescent dye calcein AM and
dead cells were observed at an excitation wavelength of 545 nm of propi-
dium iodide fluorescent dye using a confocal laser scanning microscope
(LSM800, Carl Zeiss, Oberkochen, Germany). The experiments were
repeated three times independently. For each independent experiment, at
least 5 spheroids were prepared per culture condition and per cell line.

Composition assay

Fibroblasts were incubated with 100 uL of 1x Track It™ Blue working
solution (AAT Bioquest, Pleasanton, CA, USA) in 100 mm culture dishes
for 30 min using a Cell Explorer™ Live Cell Tracking Kit (AAT Bioquest,
Pleasanton, CA, USA). Endothelial cells were incubated with 100 pL of 1x
Track It™ Orange working solution (AAT Bioquest, Pleasanton, CA, USA)
in a 100 mm culture dish for 30 min using a Cell Explorer™ Live Cell
Tracking Kit (AAT Bioquest, Pleasanton, CA, USA). Next, fluorescent dye
was washed. Fibroblasts and endothelial cells were then mixed at a pre-
defined cellular ratio to make spheroids. After the incubation period, blue
fluorescence was observed using a 450/40 nm filter, and orange fluorescence
was observed using a 575/26 nm filter of a confocal laser scanning micro-
scope (LSM800, Carl Zeiss, Oberkochen, Germany). The experiments were
repeated three times independently. For each independent experiment, at
least 5 spheroids were prepared per culture condition and per cell line.

Propagation assay

Spheroids incubated for 3 days were used for propagation assay. EGM™-2
BulletKit™ medium (Lonza, Basel, Switzerland) and Matrigel® Basement
Membrane Matrix (Corning, Corning, NY, USA) were mixed at a 1:1 ratio
and a 100 pL per well of the mixture was loaded into a 96-well culture plate.
Spheroids were then put on the plate and incubated. After incubation for 1,
3, and 5 days, images were taken using an inverted microscope (CKX53,
Olympus, Shinjuku, Tokyo, Japan) and quantified using Image]J (National
Institutes of Health, Bethesda, MD, USA). The experiments were repeated
three times independently. For each independent experiment, quantifica-
tion was performed on at least 5 spheroids per culture condition and per
cell line.

Quantification using RT-PCR

Spheroids were incubated for three days and subjected to gene expression
analysis by quantitative RT-PCR. A total of 70 spheroids for each group
were used. The same amounts of fibroblasts and endothelial cells in each
spheroid were cultured using 2D monolayer culture to compare gene
expression profiles. The experiments were repeated three times indepen-
dently. All samples were run in triplicate. Representative genetic markers
associated with keloid pathogenesis were analyzed by referring to previous
keloid studies on COL1A1, COL3A1, TGFB1, TGFB3, HIFIA, MMP14,
HTRAI, ADAM12, and CTHRCI1'****"**, Total RNAs were extracted using
an RNeasy mini kit (Qiagen, Hilden, Germany). Template cDNAs were
obtained by reverse transcription of total RNAs using oligo (dT) primer and
a PrimeScript™ RT reagent Kit (Takara, Tokyo, Japan). PCR amplification
was carried out using SYBR® Green Realtime PCR Master Mix (Toyobo,
Osaka, Japan). A normalization of the RNA level was performed against the
ACTB gene. Primers used for real-time RT-PCR are listed in Supplementary
Table 2.

Drug assay

Triamcinolone, fluorouracil, and bleomycin, the three most commonly used
drugs for keloids in clinical settings, were selected for drug assay. Drug
compounds were obtained from Selleckchem (Houston, TX, USA). Each
drug was dissolved in DMSO at concentrations of 10 uM and 100 uM,
respectively. Drug assays were conducted on both spheroids and 2D
monolayer cultures, with responses in normal fibroblasts from a healthy
individual also evaluated for comparison.

For the drug assays of spheroids, the spheroids were prepared and
maintained in culture for 2 days prior to treatment. On day 2, spheroids
were collected from the incubator and treated with drug compounds for
48 h. Spheroids were visually evaluated using a Live/Dead Cell Double
Staining Kit (Sigma-Aldrich, Burlington, MA, USA) on a confocal laser
scanning microscope (LSM800, Carl Zeiss, Oberkochen, Germany) to
observe relative fluorescence levels associated with concentrations of each
drug. The diameter of each spheroid was measured using Image] (National
Institutes of Health, Bethesda, MD, USA) and the volume was calculated
assuming a spherical shape. The relative volume of spheroids was deter-
mined using vehicles as reference (100%). The experiments were repeated
three times independently. For each independent experiment, quantifica-
tion was performed on at least 5 spheroids per culture condition and per
cell line.

For the 2D viability measurement, fibroblasts and endothelial cells at
the same cellular ratio as in the spheroids were seeded into 100 L of DMEM
growth media per well in a 96-well plate, with a total of 1500 cells per well,
and incubated for 24 h. Three types of drugs were administered at varying
concentrations. After 48 h of incubation, 10 uL of Cell Counting Kit-8
(Dojindo, Kumamoto, Japan) was added per well. Optical density was
measured and quantified 1 h later using a multimode microplate reader
(LB940, Berthold Technologies, Bad Wildbad, Germany). The experiments
were repeated three times independently. For each independent experiment,
quantification was performed on at least 5 wells per culture condition and
per cell line.

Statistics and reproducibility

All statistical analyses were performed using Prism 9.3.1 (GraphPad, San
Diego, CA, USA). The size of spheroids, propagation area, RT-PCR gene
expression levels, and 3D spheroid volume and 2D cell viability in the drug
assay were compared using one-way analysis of variance (ANOVA). The
descriptions related to the statistics for each experiment are provided in the
corresponding sections of the “Methods” section. In the RT-PCR analysis,
statistical results demonstrating that an increase in the proportion of
fibroblasts in spheroids correlates with elevated keloid gene expression levels
were analyzed using simple linear regression. The criterion for statistical
significance was set at p <0.05.
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Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the paper
and its Supplementary Information. The source data behind the graphs in
the paper can be found in Supplementary Data 1.

Abbreviations

2D two-dimensional

3D three-dimensional

A keloid spheroids generated using ATCC keloid fibroblasts
E cellular ratio of endothelial cells

F cellular ratio of fibroblasts

HUVECs  human umbilical vein endothelial cells

K keloid spheroids generated using patient-derived keloid

fibroblasts
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