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Human fibroblast-macrophage tissue spheroids
demonstrate ratio-dependent fibrotic activity for
in vitro fibrogenesis model development†

Yu Tan,a,b Allister Suarez,a,b Matthew Garza,a,b Aadil A. Khan,c,d Jennifer Elisseeff b

and Devin Coon *a,b

Fibrosis is a pathological accumulation of excessive collagen that underlies many of the most common dis-

eases, representing dysfunction of the essential processes of normal tissue healing. Fibrosis research aims

to limit this response without ameliorating the essential role of fibrogenesis in organ function. However, the

absence of a realistic in vitro model has hindered investigation into mechanisms and potential interventions

because the standard 2D monolayer culture of fibroblasts has limited applicability. We sought to develop

and optimize fibrosis spheroids: a scaffold-free three-dimensional human fibroblast-macrophage spheroid

system representing an improved benchtop model of human fibrosis. We created, characterized and opti-

mized human fibroblast-only spheroids, demonstrating increased collagen deposition compared to mono-

layer fibroblasts, while spheroids larger than 300 µm suffered from progressively increasing apoptosis. Next,

we improved the spheroid system with the addition of human macrophages to more precisely recapitulate

the environment during fibrogenesis, creating a hybrid spheroid system with different ratios of fibroblasts

and macrophages ranging from 2 : 1 to 64 : 1. We found that in the hybrid spheroids (particularly the 16 : 1

[F16] ratio) more fibroblasts were activated, with greater macrophage polarization towards a pro-inflamma-

tory M1 phenotype. Hybrid spheroids containing higher ratios of macrophages showed greater macrophage

heterogeneity and less fibrogenesis, while low macrophage ratios limited macrophage-induced effects and

yielded less collagen deposition. The F16 group also had the highest expression levels of fibrosis-related

genes (Col-1a1, Col-3a1 and TGF-β) and inflammation-related genes (TNF, IL1β and IL6). IF staining demon-

strated that F16 spheroids had the highest levels of αSMA, collagen-1 and collagen-3 deposition among all

groups as well as formation of a dense collagen rim surrounding the spheroid. Future studies exploring the

greater fibrotic activity of F16 spheroids may provide new mechanistic insights into diseases involving exces-

sive fibrotic activity. Microtissue fibrosis models capable of achieving greater clinical fidelity have the poten-

tial to combine the relevance of animal models with the scale, cost and throughput of in vitro testing.

Introduction

Fibrosis is a pathological accumulation of excessive collagen in
tissues with attendant loss of function and considerable global
disease burden.1 Fibrosis underlies many disease states – pul-
monary fibrosis, liver cirrhosis, myocardial infarction, renal

fibrosis, skin keloid, and others.2,3 Complications in the
wound healing process, such as imbalance in the synthesis
and breakdown of extracellular matrix proteins collagen 1 and
3, can lead to excessive scar tissue in fibrotic outcomes of
keloids and hypertrophic scarring, respectively.4,5 In addition,
local fibrosis can also impair normal functionality of the body
such as in the foreign body response (FBR) around medical
devices, which are surgically implanted into millions of
patients each year. In response to implanted materials, the
body initiates a fibrotic cascade and encapsulates the implant
to separate it from the host environment. The FBR is an end-
stage process that follows inflammation and wound healing
around an implant in the body. It occurs on a spectrum from
tissue ingrowth with minimal encapsulation to aggressive for-
mation of a thick, often symptomatic collagenous capsule,
mediated by a complex variety of factors including implant
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material, surface properties, patient characteristics and more.
The fibrous tissue that forms around the implant is distin-
guished by foreign body giant cells, fibroblasts, and
macrophages.6–9 Fibrosis research often aims to identify clini-
cally relevant methods to screen prophylactic agents and ident-
ify therapeutic targets that prevent aberrant scarring.4

The classical in vitro model for fibrogenesis mainly focuses
on 2D monolayer cell culture of fibroblasts and is used for drug
screening and development.4,10 However, cells cultured in a 2D
environment are different in both physiology and in their cellu-
lar responses compared with cells in vivo.11 As one example,
current understanding of the fibrotic response to implanted
devices suffers from a lack of generalizability–many factors
(shape, material, etc.) impact FBR but there are too many per-
mutations for in vivo testing to provide mechanistic insight. A
more physiologically relevant in vitro fibrosis model can allow
testing of the effect of each factor, alone and in combination, as
well as mechanistic study (e.g., signaling pathways) on a scale
that is not feasible in animals. Thus, a better in vitro model is
urgently needed for efficient drug testing and medical device
design. In the past two decades, spheroids (scaffold-free spheri-
cal microtissues) have emerged in cancer research,12–14 tissue
engineering,15 and cell therapy16 as a model that more closely
mimics an in vivo environment with more representative cell–
cell interactions and intercellular communication. Spheroids
have been shown to have advantages over 2D culture models, as
they have an improvement in stable morphology and cell
polarity. Extensive research has been done in spheroids as
model systems for tumors. Spheroids composed of co-cultured
cell types mimic physiological cell–cell interactions in tissues.17

Macrophages are a key effector cell in the fibrosis process.
Their effect in driving fibrosis through upregulation of fibroblast
activation and collagen production has been known for many
years. More recent studies have begun to elucidate much greater
complexity to the role of macrophages, including subpopu-
lations with different effects on inflammation and fibrosis (the
M1/M2 spectrum).18 In addition, the modulation of pro-fibrotic
macrophage activity by a complex range of signals, including
cell–cell interactions with other macrophages and fibroblasts as
well as two-way communication with other components of the
immune system has increasingly been recognized.19–22

In this work we sought to develop and optimize a scaffold-
free three-dimensional spheroid system as an improved in vitro
model of human fibrosis. We improved the spheroid system
with the addition of an optimized ratio of human macro-
phages as effector cells to more precisely mimic the physio-
logic microenvironment during fibrogenesis, creating a hybrid
spheroid system with improved performance compared to
fibroblasts-only spheroids.

Methods
Primary human fibroblast cell culture

Johns Hopkins IRB approval was obtained for sample collec-
tion from surgical procedures. Human primary fibroblasts

(HFB) were obtained from clinical samples and cultured in
DMEM with high glucose supplemented with 10% FBS and
1% Antibiotic–Antimycotic (Thermo Scientific, Pittsburgh,
PA).23 Briefly, tissue samples were placed in PBS supplemented
with 5% Antibiotic–Antimycotic for 30 minutes. Then, speci-
mens were minced, and the tissue fragments were seeded in
T75 tissue culture flasks and suspended in fibroblast growth
medium in the incubator. The outgrowth of fibroblasts from
tissue fragments occurred after 1-week culture. When 80%
confluency of fibroblasts was observed, the cells were detached
with 0.25% trypsin-EDTA (Thermo Scientific, Pittsburgh, PA)
and reseeded. Passage 2 or 3 of these human primary fibro-
blast cell lines were used in the following experiments.

Isolation of human monocytes and their differentiation into
macrophages

Human monocytes were isolated from venous blood samples
by density gradient centrifugation method.24 Briefly, the
diluted blood with cold PBS was layered on Ficoll-Paque Plus
(GE Healthcare, Chicago, IL) in the ratio of 1 : 1 and subjected
to centrifugation at 400g for 30 minutes at room temperature.
The buffy-coat fraction (white layer) representing PBMCs was
aspirated out gently and transferred into centrifuge tubes. The
suspension of cells was then washed and cultured in RPMI
1640 (Thermo Scientific, Pittsburgh, PA) supplemented with
1% penicillin–streptomycin (Thermo Scientific, Pittsburgh, PA)
and 10% heat-inactivated autologous human fibrin-depleted
serum. After overnight incubation at 37 °C, non-adherent cells
(lymphocytes) were removed by flushing with fresh medium.
We adopted a previously reported differentiation protocol
which has been shown to produce an uncommitted macro-
phage phenotype.25,26 The adherent monocytes were cultured
continuously for 2 weeks to yield differentiated human macro-
phages (HM) with both M1 and M2 phenotypes,24,27 as shown
in ESI Fig. 2.†

Spheroid fabrication

Fibroblast-only or hybrid spheroids were fabricated in non-
adhesive agarose hydrogel molds.28 The agarose molds were
casted using Mold Master (Microtissues, Inc., Providence, RI,
USA) as negative replicates to create molds containing 35
concave recesses with hemispheric bottoms (800 μm diameter,
800 μm deep) to facilitate the formation of cell spheroids.
Next, 330 μl of 2% autoclaved agarose solution was pipetted
into the Mold Master, carefully detached after gelation at room
temperature, and transferred into one well of 12-wells culture
plate. A volume of 75 μl of the cell suspension with different
concentrations was pipetted into each agarose mold. After the
cells settled into the recesses of the mold (15 min), additional
media was added (2 ml) and exchanged every 2 days for the
length of the experiment. In co-cultured spheroids composed
of fibroblasts and macrophages, cell suspensions were pre-
pared with each cell type and counted prior to mixing them in
the desired ratios. Briefly, 0.6 × 106 cells per ml was prepared
for fibroblast and macrophage cell suspensions, respectively. A
75 μl cell mixture of these two cell types was prepared in
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accordance to the different ratios (fibroblasts and macro-
phages 2 : 1 = 50 μl : 25 μl, 4 : 1 = 60 μl : 15 μl, 8 : 1 =
66.7 μl : 8.3 μl, 16 : 1 = 70.6 μl : 4.4 μl, 32 : 1 = 72.7 μl : 2.3 μl,
64 : 1 = 73.8 μl : 1.2 μl, 100 : 0 = 75 μl : 0 μl) and subsequently
pipetted into the agarose molds (ESI Fig. 1†).

Genes expression analysis with qRT-PCR

RNA was extracted from monolayers (0.1 million cells) or
spheroids (35 spheroids) with a RNeasy Kit following manufac-
turer’s instructions (Qiagen, Valencia, CA). Total RNA was
quantified with a NanoDrop 2000c (NanoDrop, Wilmington,
DE) and 2 μg of total RNA was retro-transcribed with a
Superscript VILO cDNA Synthesis Kit (Life Technologies,
Carlsbad, CA) for cDNA synthesis according to the manufac-
turer’s protocol. Quantitative real-time polymerase chain reac-
tion (qRT-PCR) was performed and monitored using the SYBR
Green PCR Mastermix (Life Technologies, Carlsbad, CA) on the
StepOnePlus Real Time PCR System (Life Technologies,
Carlsbad, CA). Reaction mixtures were incubated for
10 minutes at 95 °C followed by 40 cycles of 15 seconds at
95 °C, 1 minute at 60 °C, and finally 15 seconds at 95 °C,
1 minute at 60 °C, and 15 seconds at 95 °C. For each sample,
gene expression was normalized to the level of GAPDH used as
a housekeeping gene. All samples were run in duplicate. The
level of expression of the target gene was calculated as 2−ΔΔCt

as previously described.29

Immunofluorescent staining

Freshly collected spheroids were placed onto a cryomold
(Sakura, Japan) and covered with OCT (Thermo Scientific,
Pittsburgh, PA). The cryomold containing spheroids was
immediately stored at −80 °C. Frozen spheroids were cryosec-
tioned into 10 µm thick layers onto glass slides for immuno-
histochemistry. The sections were fixed with precooled acetone
(−20 °C) for 10 min. After washing (3 times at 5 min) in 1× PBS
with 0.1% Triton X-100 (PBST), 100 µl of blocking buffer was
added (10% goat serum in 1× PBS) onto sections and incu-
bated in a humidified chamber at room temperature for 1 h.
Sections were incubated with appropriately diluted primary
antibodies: Collagen-1 (Abcam, Cambridge, UK), Caspase-3
(Abcam, Cambridge, UK), alpha-smooth muscle actin
(Millipore, Billerica, MA), Ki67 (Abcam, Cambridge, UK),
Collagen-3 (Abcam, Cambridge, UK), HSP47 (Thermo
Scientific, Pittsburgh, PA), CD68 (LSBio, Seattle, WA), CCR7
(Cell Signaling Technology, Danvers, MA) and pSTAT1 (Cell
Signaling Technology, Danvers, MA) overnight at 4 °C. After
washing in PBST (3 times at 5 min), tissues were incubated
with fluorescent secondary antibodies diluted in PBST for 1 h
at ambient temperature. After washing in PBST (3 times at
5 min), nuclei were stained with DAPI (Molecular Probes/
Invitrogen, Eugene, OR) and diluted in PBST for 15 min at
ambient temperature. Following the final washing procedure
(PBST, 3 times at 5 min), glass cover slips were added to the
slides using Fluoro-Gel (Electron Microscopy Sciences,
Hatfield, PA). Immunostained samples were imaged with a

LSM510 laser scanning confocal microscope (Zeiss,
Oberkochen, Germany).

Semi-quantitative analysis for immunofluorescent staining

We adopted a previously published and validated semi-quanti-
tative method to analyze immunofluorescent stained
images.28,30 Briefly, we used ImageJ software (National
Institutes of Health, Bethesda, Maryland, USA) to measure the
fluorescent signal area for each single channel slide on the
spheroid cross section. The fluorescent signal area was divided
by the total area of the spheroid to determine the ‘covered
area’ percentage for each antibody staining on the spheroid
(N = 3).

Statistical methods

Differences between experimental groups were analyzed using
an independent student t-test and one-way ANOVA followed by
Tukey’s post-hoc test. P < 0.05 was considered significantly
different for all statistical tests.

Results
Spheroid formation and effect of spheroid diameter on
cellular viability and functionality

Human fibroblasts in a 3D scaffold-free spheroid system were
successfully formed and cultured. They synthesized and de-
posited an abundant amount of ECM proteins such as col-
lagen-1 after 7 days culture (Fig. 1A–E) to facilitate cellular
assembly into spherical microtissue (spheroids) in vitro. In
addition, the immunofluorescent staining of an apoptosis
marker (Caspase-3) on cross-sections of the spheroid revealed
that high-level viability of fibroblasts was observed for the
spheroids with diameter less than 300 μm (Fig. 1A–C) while
significant cell apoptosis (Fig. 1D–F) was induced in spheroids
with a larger size (≥400 µm in diameter) due to progressive
hypoxia in the core. Thus, we focused on spheroids with a dia-
meter less than 300 μm in the following experiments.

Characterization of HFB-only spheroid cellular phenotypes
and gene expression

We collected bright-field images of the spheroids with 100 µm,
200 µm and 300 µm diameters as shown in Fig. 2A–C at day 1,
5 and 7 post-fabrication. The statistics on diameter change
over time (Fig. 2D–F) indicates the spheroids became denser
over time, becoming mature in size after 5 days of culture in
non-adhesive agarose hydrogel molds. H&E staining (Fig. 2G–
I) was conducted to investigate the presence of necrosis and
apoptotic cells in the spheroids. The results showed that there
was no detectable necrosis or signs of apoptosis in the spher-
oids, which is consistent with Caspase-3 staining (Fig. 1A–C).
In addition, the immunofluorescent staining (Fig. 2J–L) of pro-
liferation marker (Ki67) suggests that the majority of fibro-
blasts maintained their proliferative phenotype while a few
showed an activated myofibroblast phenotype with expression
of alpha smooth muscle actin (αSMA). The qPCR data demon-
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strated that fibroblasts in the 3D spheroids had significantly
higher expression levels of fibrosis genes (αSMA and collagen-1)
compared to the 2D monolayer culture used as control. The
spheroids with 200 µm diameter showed the highest
expression level of fibrosis genes among all groups due to sig-
nificantly lower expression levels of matrix metalloproteinases
genes such as MMP1, MMP2 and MMP7 (Fig. 2M–Q).

Creation and characterization of fibroblast-macrophage hybrid
spheroids with optimization for modelling fibrosis

The absence of immune cell mediators was recognized as a
likely limit to physiologic model behavior. In order to further
mimic physiologic fibrosis, hybrid spheroids were fabricated
with fibroblasts and macrophages in different ratios (2 : 1, 4 : 1,
8 : 1, 16 : 1, 32 : 1, 64 : 1 and 100 : 0 as control) based on the
schematic (ESI Fig. 1†). Attempts at extremely high-macro-
phage spheroids (1 : 1 and 1 : 2 fibroblast : macrophage ratio)
failed to form confluent 3D microtissue, potentially due to
inadequate ECM secretion to support aggregation.

The immunofluorescent staining of a pan-macrophage
marker31 confirmed that CD68 signal was reduced proportion-
ally with each serial dilution that decreased the number of
macrophages seeded into the spheroids (ESI Fig. 3 and 4A†).
Hybrid spheroids with a 16 : 1 ratio (F16) consistently showed
the highest expression level of collagen maturation marker
(HSP47) among all groups (ESI Fig. 3B and 4†). The CD64 and
CD68 (pan-macrophage) qPCR data (ESI Fig. 4B†) showed
comparably preserved ratios of macrophage gene expression in
spheroids.

The qPCR data was congruent with immunofluorescent
stain results and confirmed that F16 had higher expression
levels of fibrosis-related genes (Col-1a1, Col-3a1 and TGF-β)
compared to the other hybrid spheroids and 100% fibroblast
spheroids (Fig. 4). F16 hybrid spheroids also showed relatively
lower expression levels of MMP7 (Fig. 4). In addition,
F16 group demonstrated significantly higher expression levels
of inflammation-related genes (TNF, IL1β and IL6) among all
the groups (Fig. 4).

Cell phenotype changes in hybrid spheroids regarding
fibroblast activations and polarization of macrophages

Activated fibroblasts (myofibroblasts) and pro-inflammatory
type M1 macrophages were identified in the hybrid spheroids
by immunofluorescent staining of aSMA (Fig. 3 and ESI
Fig. 7†) and CCR7/pSTAT1 (Fig. 5 and ESI Fig. 6†) respectively.
This showed that some fibroblasts were activated as myofibro-
blasts. In addition, the F16 group showed the highest number
of myofibroblasts and M1-type macrophages, potentially indi-
cating higher fibrogenesis activity.

Collagen deposition in the hybrid spheroids as a fibrogenesis
product

Abundant amounts of collagen deposition were observed in all
hybrid spheroid and fibroblast-only groups, as shown in the
immunofluorescent staining of collagen 1 and 3 in Fig. 6A. In
addition, hybrid spheroids with high macrophage loads (2 : 1,
4 : 1 and 8 : 1) showed similar levels of collagen deposition
compared with fibroblast-only spheroids, with more collagen

Fig. 1 Effect of spheroid size on cellular viability. (A–E) Confocal images of HFB spheroids with diameters of 100 µm, 200 µm, 300 µm, 400 µm
and 500 µm respectively. Immunostaining for DAPI (nuclear marker); Col-1 (collagen type 1 synthesized by fibroblasts) and Caspase-3 (cell apopto-
sis). Significant hypoxia-induced cellular apoptosis is seen in the core of larger spheroids (400 µm and 500 µm in diameter). Scale bars: 100 μm. (F)
Percentage of area positive for Caspase-3 in the cross-sectional imaging of the spheroids. (n = 3; *p < 0.05).
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distributed in the core part than peripheral regions. More
interestingly, the hybrid spheroids with lower macrophage
ratios (16 : 1, 32 : 1 and 64 : 1) showed higher levels and more
homogeneous distribution of both collagen-1 and collagen-3
deposition compared to the other groups (Fig. 6B and C). As
was seen with qPCR analysis, F16 hybrid spheroids consist-
ently had the highest collagen deposition and distribution
among all groups.

Discussion

The classical in vitro model of fibrogenesis is mainly focused
on culture in a 2D monolayer.4 However, cells cultured in a 2D
environment behave fundamentally differently from cells
in vivo with regard to both physiology and cellular response.
These differences have prevented better mechanistic under-
standing of the processes underlying fibrosis as well as
exploration of potential interventions. For example, it is known
that for implanted objects, the fibrosis response is dependent
on many factors – size, geometric shape, porosity, material,
mechanical stiffness, and many others.6,32 It is impossible to
explore all of these possible variables – each of which has con-

founding interaction effects with other variables – in animals
to understand how they interact or to what extent different
pathways are involved. A more realistic in vitro model is there-
fore of great importance.

Mounting evidence indicates that 3D spheroids are a more
representative model of the in vivo environment, promoting
cell–cell interactions and communication.11 We propose that
3D spheroids can fill the gap between conventional 2D cell
culture and animal models to accelerate translational research
in tissue engineering and fibrosis research.33

Our data shows that human fibroblasts in 3D spheroid
form had significantly higher expression levels of fibrosis
genes (αSMA and Col1a1) compared to 2D monolayer
culture, which indicates that fibroblast-only spheroids do
display different behavior even without immune cell pres-
ence. Creation of fibroblast-only spheroids from human skin
has only recently been described.34 Interestingly, in that
report fibroblasts in spheroid form were less active, though
it appears to be because the fibroblasts began in an aggres-
sive myofibroblast phenotype which then reverted over time
when in spheroids but not when in monolayer. Both
mechanical stress and TGF-β can cause differentiation to
myofibroblasts.35 In our study, we began with fibroblasts

Fig. 2 Characterization of HFB spheroid morphology, phenotype and fibrosis-related gene expression. (A–C) Bright field images of HFB spheroids
with diameters of 100 µm, 200 µm and 300 µm respectively. (D–F) Spheroids became dense and stable in size after 7 days of culture (n = 12, error
bar represents standard deviation). (G–I) Bright field images of H&E staining of HFB spheroids with varying diameters. (J–L) Confocal images of HFBs
spheroids show that some fibroblasts maintain proliferation capacity in spheroid form, with stains for DAPI (nuclei); aSMA (myofibroblasts) and Ki67
(cell proliferation). (M–Q) HFB spheroids display different gene expression and activity profiles based on their diameter on qPCR analysis at day 7.
Fibroblasts in spheroid form showed significantly higher expression levels of fibrosis genes (αSMA and collagen-1) versus 2D monolayer-cultured
cells. Among spheroids, 200 µm showed the highest expression levels of fibrosis genes and lower expression levels of matrix metalloproteinase
genes (MMP1, MMP2, MMP7). M, Mono-layer cultured fibroblast as control; 100, 200, 300 represent the spheroid diameter of each group. (n = 3; *p
< 0.05). Scale bars: (A–C) = 100 μm; (G–I) = 100 μm; (J–L) = 50 μm.
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Fig. 3 Single channel images from immunofluorescent staining of hybrid spheroids with activated fibroblast marker. (A) Confocal images of frozen
sections of hybrid spheroids (fibroblasts to macrophages from 2 : 1, 4 : 1, 8 : 1, 16 : 1, 32 : 1, 64 : 1 and 100 : 0) stained with aSMA. aSMA is activated
fibroblast (myofibroblast) marker, scale bars: 50 μm. (B) Semi-quantification of confocal images for aSMA (n = 3; *p < 0.05).

Fig. 4 Hybrid macrophage-fibroblast spheroids display different qPCR gene expression profiles based on the ratio of macrophages present in the
spheroid. Quantitative PCR analysis of hybrid spheroids containing fibroblast and macrophages across differing ratios at day 7. Relative expression
levels of fibrosis related genes (Col-1, Col-3, and TGF-β), matrix metalloproteinase gene (MMP7) and inflammation related genes (TNF, IL1β and IL6)
(n = 3; *p < 0.05).
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Fig. 5 F16 ratio hybrid spheroids demonstrate increased pro-fibrotic macrophage activity on immunofluorescent staining. (A) Confocal images of
hybrid spheroid frozen sections (fibroblast to macrophage ratios 2 : 1, 4 : 1, 8 : 1, 16 : 1, 32 : 1, 64 : 1 and 100 : 0) stained with CD68 and CCR7 (M1-
phenotype macrophage marker). White arrows indicate CD86+ macrophages in the F16 spheroid that have polarized toward an M1 phenotype. (b)
Semi-quantification of confocal images for CCR7. (n = 3; *p < 0.05). Scale bars: 50 μm.

Fig. 6 Hybrid spheroids demonstrate macrophage ratio-dependent collagen deposition. (A) Confocal images of hybrid spheroid frozen sections
(fibroblasts to macrophages from 2 : 1, 4 : 1, 8 : 1, 16 : 1, 32 : 1, 64 : 1 and 100 : 0) stained with collagen-1 and collagen-3 respectively. 16 : 1 ratio
hybrid spheroids showed higher levels and more homogeneous distribution of both collagen-1 and collagen-3 deposition on immunofluorescent
stain. Scale bars: 50 μm. (B–C) Semi-quantification of confocal images for Col-1 and Col-3. (n = 3; *p < 0.05). Scale bars: 50 μm.
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displaying standard morphology for both spheroids and
monolayers.

The size of diffusion-dependent spheroids plays a key role
in their function and viability due to the hypoxia conditions
developed as the gradient of oxygen progresses from normoxia
at the periphery to hypoxia at the core.36 Thus, in the larger
spheroids, the supply of nutrients and oxygen to the cells is
insufficient to maintain cellular viability and normal function.
Previous studies have shown that spheroids with a diameter
over 500 μm develop an apoptotic or necrotic core over time.37

Therefore, 500 μm in diameter was chosen as the upper limit
of spheroid size in this study. However, if the spheroid is too
small, the beneficial effects of cell–cell interaction over 2D
culture will diminish. A lower limit of 100 μm was applied
because spheroids under this size are more like multiple cellu-
lar clusters rather than 3D microtissue. In addition, spheroids
less than 100 μm in diameter are challenging for processing
and sectioning for histology analysis. Therefore, our research
mainly focused on optimization regarding the size of spher-
oids within the range of 100 to 500 μm in diameter.

Our data showed significant cell apoptosis occurred in
spheroids with larger size (400 and 500 µm in diameter). The
level of hypoxia in the spheroids was promoted by the abun-
dant deposition of dense collagen 1 fibers at the periphery of
the spheroids (Fig. 1A–E), which may have further limited
inward nutrient diffusion and outward egress of metabolites
from the spheroid center. Our data suggested that spheroids
with a 200 μm diameter represent the best balance between
diffusion and 3D behavior, leading to more homogeneity,
abundant collagen-1 deposits in the ECM, and significantly
higher expression levels of fibrosis genes (αSMA and collagen-1)
compared to the spheroids with 100 and 300 μm diameters. We
therefore adopted 200 μm as the optimal spheroid diameter for
further research.

It is well known that macrophages play a central role in
inflammation and the subsequent development of fibrosis in a
range of organ pathologies.18 For this reason, macrophage/
fibroblast co-culture in a 2D monolayer has been recently been
described to investigate the inflammatory effects of
biomaterials.38,39 However, as previously mentioned, mono-
layer models have consistently demonstrated limited predictive
value for the 3D in vivo environment and these shortcomings
are exacerbated when cell-material surface interactions are of
paramount importance.4

We felt that spheroids composed of the key cell lineages in
the fibrosis process (fibroblasts and macrophages) would offer
a model displaying the closest behavior to an in vivo setting.
To evaluate this, macrophages were added to the spheroids in
different ratios (fibroblast : macrophage: 2 : 1, 4 : 1, 8 : 1, 16 : 1,
32 : 1, 64 : 1 and 100% fibroblast as control). Even higher con-
centrations of macrophages (1 : 1 and 1 : 2 fibroblast :
macrophage) failed to form spheroids, likely due to inadequate
ECM secretion to support aggregation. Concentrations lower
than 1 : 64 (1 : 128, etc.) were expected to have too few macro-
phages present to show a difference versus the fibroblast-only
spheroid group. Our aim was to cover a range of macrophage

concentrations from the highest possible concentration that
would support spheroid formation to a concentration low
enough that similarity to fibroblast-only spheroids was likely.

Our immunofluorescent staining indicated the addition of
macrophages to the spheroids enhanced collagen-1 maturation
(HSP47), which could be explained by the paracrine effects of
macrophages on the fibroblasts. Previous literature shows
fibroblast activity is largely mediated by macrophage-generated
signals to produce more collagen during the fibrogenesis
process.40–42

Our data showed that too few macrophages (32 : 1 and
64 : 1) in the spheroids limited the macrophage-induced para-
crine effects, with less cytokine secretion ultimately leading to
less collagen deposition by the fibroblasts. The reason for less
fibrogenesis in high-macrophage spheroids (2 : 1, 4 : 1 and
8 : 1) is less clear. Regions of dense CD68-positive activity were
seen (ESI Fig. 3†) which may represent giant cells formed by
multiple macrophages or clusters of macrophages in close
proximity.43 While further investigation is necessary to explore
this phenomenon, these dense areas of CD68 were correlated
with less fibroblast activity and presumably a less desirable
fibrosis microtissue model. The qPCR data was also consistent
with IF staining and further confirmed that the hybrid spher-
oids with fibroblasts and macrophages at a 16 : 1 ratio had the
highest expression levels of fibrosis-related genes (Col-1a1,
Col-3a1 and TGF-beta).44

In prior work, we have combined scaffold-free spheroid
systems with nano-materials in cardiac tissue engineering and
plan to do the same with this model.28,45 Future work will also
include efforts to modulate cell activity using exogenous sig-
nalling molecules and other methods to perturb the system.

Interestingly, despite a greater total number of macro-
phages being present in the 2 : 1, 4 : 1, and 8 : 1 hybrid spher-
oids (ESI Fig. 3 and 4A†), the greatest amount of CCR7-posi-
tive, M1-phenotype macrophage activity by far was in the
16 : 1 group (Fig. 5). The 32 : 1 and 64 : 1 hybrid spheroids also
displayed little M1 activity, suggesting that greater M1 polariz-
ation may be an underlying mechanism by which the observed
pro-fibrotic effects in the F16 group are mediated.

While the ratio of fibroblasts to macrophages during fibro-
genesis has not been conclusively studied and varies based on
tissue type and other factors, within a given site it is clearly
dynamic over time. Based on the limited available data, in a
mouse myocardial infarction model a ratio of 16 : 1 represents
the beginnings of the subacute stage of fibrogenesis at post-
event day 28, while 4 : 1 is most like the early state from day 7
to 14 when collagen accumulation begins.46 Future studies will
explore the interesting question of whether macrophage ratio
can be manipulated to generate models that simulate earlier
or later time points in the fibrosis process.

We also investigated how the cell phenotype changes with
hybrid spheroids, in the form of fibroblast activation and
macrophage polarization. Our data indicates that significantly
more fibroblasts become activated to myofibroblasts in F16
spheroids as indicated by higher expression levels of aSMA.
Similarly, more macrophages were polarized towards a pro-
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inflammatory type M1 in this group with greater CCR7 and
pSTAT1 expression. This finding suggests that the optimal
ratio permits a more effective paracrine effect between macro-
phages and fibroblasts to drive the balance between pro- and
anti-fibrosis towards a more pro-fibrotic environment.47,48

Fibrogenesis models are typically characterized based on
ECM synthesis, particularly collagen-1 and collagen-3.49 Our IF
data indicates the F16 ratio hybrid spheroids had more homo-
geneous distribution and greater quantities of both collagen-1
and collagen-3 deposition compared to the other groups.
These spheroids showed the highest expression levels of fibro-
sis-related genes (Col-1a1, Col-3a1 and TGF-β) and inflam-
mation-related genes (TNF, IL1β and IL6) among all the
groups, with a lower expression level of fibrolytic MMP7.
MMP-7 has been shown to have both pro- and anti-fibrotic
activity, depending on the stage of wound healing, and is an
intriguing marker for exploring the spheroid model in future
mechanistic studies.50

One mechanistic hypothesis for the superiority of the
F16 group over other macrophage concentrations may relate to
the possibility that sixteen fibroblasts localized around one
macrophage represent an ideal spatial distribution for cell-cell
contact. The reason for substantially higher fibrosis in the
F16 group compared to lower macrophage concentrations,
even 32 : 1, is less clear, but may simply relate to less total
macrophage presence resulting in lower concentrations of pro-
inflammatory signals. Regardless of mechanism, the 16 : 1
ratio in hybrid fibroblast-macrophage spheroids consistently
appears to balance effector fibroblasts and regulating macro-
phages to achieve higher levels of fibrosis and a more homo-
geneous deposition of collagen.

Conclusions

We have developed and optimized the first “fibrosis spheroid”:
a scaffold-free three-dimensional human fibroblast-macro-
phage spheroid microtissue system. We demonstrated high
cell viability and abundant collagen deposition for an in vitro
fibrosis model, with an ideal diameter of 200 μm. The opti-
mized 16 : 1 spheroid model showed higher collagen 1 and
3 gene expression, greater αSMA and collagen deposition and
a significantly increased degree of collagen maturation versus
either standard 2D monolayer cultures or 3D fibroblast-only
spheroids. The degree of M1 macrophage polarization appears
to be a contributing mechanistic factor in the model, with the
16 : 1 ratio showing both the most fibrosis and the highest
M1 macrophage activity. Future work will focus on evaluation
of this system as an in vitro fibrogenesis model for high-
throughput anti-fibrosis therapy screening and evaluation of
material biocompatibility.
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