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Imaging techniques have become indispensable in 
the life sciences, serving as vital instruments for 
unravelling the complexities of biological systems. 

The ability to visualize cellular processes at the molecular 
level has revolutionized our understanding of cell biology, 
particularly through the detailed observation of protein 
and gene expression within individual cells. Such high-
resolution cell imaging not only enhances our basic 
scientific knowledge but is also crucial in applied fields 
like drug discovery, where it facilitates the rapid screening 
of potential therapeutics across numerous conditions 
in multiwell formats. The insights gained from these 
imaging applications guide the development of targeted 
treatments, enabling a more personalized approach to 
medicine. Furthermore, the continuous advancement 
in imaging technologies promises to propel life science 
research into new frontiers, expanding our capabilities to 
observe and manipulate life at its most fundamental level.
	 The EVOS Cell Imaging Systems have been at the 
forefront of this technology with over ten thousand 
references in the literature. The EVOS Imaging Systems 
are self-contained, easy to maintain, and they produce 
high-quality brightfield, phase contrast, and multichannel 
fluorescence images through a combination of customizable 
hardware configurations and software processing. Research 
publications involving assays such as cell proliferation, 
wound healing, immunofluorescence, and spatial transcript-
omics all employ EVOS Cell Imaging Systems.
	 To highlight its contributions to research, we 
present this collection of articles illustrating the variety 
of areas that utilize EVOS Cell Imaging Systems. These 
articles feature contributions to the fields of cell biology, 
immunology, drug discovery, and biomaterials.
	 First, Li et al. describe the characterization of a 
coiled-coil forming peptide (denoted as K5). When fused 
to the target protein of interest, K5 can function as a cell-
penetrating peptide and significantly enhance delivery 
into cells for therapeutic purposes, including gene 
editing. To validate this, the degree of an EGFP-K5 fusion 
internalization by various cell types was quantified by 
imaging GFP fluorescence on the EVOS M5000 Imaging 
System.
	 Next, Hansell et al. demonstrate the use of a fluorescently 
conjugated chemokine ligand to identify the expression 
of its associated receptor (ACKR2) on stromal cells. A key 
piece of evidence involved detection of gene expression 
by in situ hybridization for this chemokine receptor and 
imaged using the EVOS M7000 Imaging System. 
	 Third, Maitz et al. (2020) examine the ability of cross-
linking on the longevity and effectiveness of a collagen-

elastin dermal template used for skin tissue regeneration 
and wound healing. The EVOS M7000 Imaging System was 
used to image and quantify pore size differences in non-
cross-linked and cross-linked samples in histochemically 
stained sections.
	 Finally, Jin et al. investigated the role of two different 
miRNAs in giant cell tumor of bone (GCTB) cultures and 
their impact on a specific fibroblast growth factor receptor. 
The EVOS M7000 System was utilized for examining both 
proliferation and translocation rates of cultured GCTB 
cells.
	 Taken together, this article collection emphasizes the 
versatility of EVOS Cell Imaging Systems, and the wide 
range of research areas in which they can be employed. 
For more information and testimonials regarding EVOS 
Imaging Systems, we encourage you to access the follow-
ing resources from  Thermo Fisher Scientific:

•	 EVOS Cell Imaging Systems

•	 EVOS Cell Imaging System Resources

•	 Imaging Protocols Handbook

•	 Cell Analysis Resource Center
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The Coiled-Coil Forming Peptide (KVSALKE)5 Is a Cell
Penetrating Peptide that Enhances the Intracellular Delivery
of Proteins

Jie Li, Jan Tuma, Hesong Han, Hansol Kim, Ross C. Wilson, Hye Young Lee,*
and Niren Murthy*

Protein-based therapeutics have the potential to treat a variety of diseases,
however, safe and effective methods for delivering them into cells need to be
developed before their clinical potential can be realized. Peptide fusions have
great potential for improving intracellular delivery of proteins. However, very
few peptides have been identified that can increase the intracellular delivery of
proteins, and new peptides that can enhance intracellular protein delivery are
greatly needed. In this report, the authors demonstrate that the coiled-coil
forming peptide (KVSALKE)5 (termed K5) can function as a cell penetrating
peptide (CPP), and can also complex other proteins that contain its partner
peptide E5. It is shown here that GFP and Cas9 fused to the K5 peptide has
dramatically enhanced cell uptake in a variety of cell lines, and is able to edit
neurons and astrocytes in the striatum and hippocampus of mice after a
direct intracranial injection. Collectively, these studies demonstrate that the
coiled-coil forming peptide (KVSALKE)5 is a new class of multifunctional CPPs
that has great potential for improving the delivery of proteins into cells and in
vivo.

1. Introduction

Protein-based therapeutics have the potential to treat a variety
of diseases, such as neurodegenerative diseases, cancer, and ge-
netic diseases.[1–5] However, before the tremendous potential of
protein therapeutics can be realized, safe and effective methods
for delivering them into cells need to be developed. Developing
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effective intracellular protein delivery ve-
hicles has been challenging. Proteins are
in general intolerant to chemical modifi-
cations, easily denature, and also do not
complex cationic materials as readily as nu-
cleic acids.[6] A wide variety of protein de-
livery strategies are currently being consid-
ered, based upon gold nanoparticles, block
copolymers, cationic lipids, and cell pene-
trating peptides (CPPs), which have shown
promising results in cell culture and an-
imal studies.[7–9] However, it is unclear if
these delivery vectors will have the proper-
ties needed to succeed in human clinical tri-
als, given their ill-defined nature, large size,
and toxicity. The development of safe and
effective protein delivery vectors is still an
unsolved problem.
Intracellular protein delivery strategies

based upon fusing short peptides (termed
CPPs) to proteins have tremendous poten-
tial for enhancing the intracellular delivery

of proteins, and also have the properties needed to succeed in hu-
man clinical trials.[10,11] In particular, protein fusions are a single
molecular species and can be easily synthesized and character-
ized on a large scale. Protein fusions also have a much smaller
molecular weight than nanoparticles andwill be able to access tis-
sues and cells that nanoparticles cannot. Finally, protein fusions
should have lower toxicity than cationic nanoparticles because of
their lower charge density, and will also not activate toll-like re-
ceptor ligands, as cationic lipids do.[12,13]

Pioneering studies from the Dowdy laboratory demonstrated
that short cationic peptide sequences 10–20 amino acids in
length derived from the TAT protein were able to deliver proteins
such as CRE, beta-galactosidase, and GFP into a variety of cell
types and even in vivo.[14–18] TAT appears to enhance cell uptake
via its cationic charge density, which causes binding with cellu-
lar proteoglycans. The efficiency of TAT was further improved by
fusing it to an endosomal disruptive peptide from the Influenza
virus, HA, to generate a fusion peptide that could stimulate both
endocytosis and endosomal disruption.[15,16] Based upon these
studies a variety of other CPPs have been explored. For exam-
ple, the gene editing enzymes, Cas9 and zinc finger nucleases,
fused to the SV40 nuclear localization signals (NLS), were able to
directly edit cells in vitro and vivo.[17,19] In addition to TAT, a vari-
ety of other peptides for enhancing intracellular protein delivery
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have been developed, of which the peptide GALA is perhaps the
most well studied.[20,21] The peptideGALA is a pH sensitivemem-
brane disruptive peptide, which forms amphiphilic helices at pH
5.0, and can enhance the endosomal release of proteins. GALA
has been fused to antibodies and the ribosome inactivating pro-
tein HBP, and was able to dramatically improve the intracellular
delivery of these proteins.
Despite these encouraging results, there is still a great need

for improving the efficiency of CPPs fused to proteins. Current
delivery peptides used in protein fusions are frequently positively
charged peptides and appear to function by increasing the posi-
tive charge density of their target protein.[22–24] However, making
cell delivery dependent upon charge density is challenging be-
cause every protein has its own unique charge density, and will
require its own unique peptide fused to it. Related to this issue is
the fact that CPPs have only been examined on a moderate num-
ber of proteins, and it is unclear if they have the versatility needed
to act as universal protein delivery reagents. For example, GFP
has been themost widely studied protein fused to CPPs, and here
large enhancements in cell delivery are observed after fusionwith
the positively charged peptides such as the TAT peptide.[25] How-
ever, fusing the TAT peptide to a larger protein such as Cas9 re-
sults in negligible enhancements in uptake.[26] Developing CPPs
that can enhance the delivery of larger functional proteins has
been a major challenge because they will most likely require fu-
sion to 40–50 amino acid peptide segments, to compensate for
their large size and charge density. However, current CPPs are
unstructured peptides and most proteins will not tolerate fusion
to large unstructured peptides.[27] Thus, expanding the arsenal of
CPPs will consequently have numerous applications in biotech-
nology.
Peptides that form coiled-coil motifs are potential candidates

for CPPs that can enhance the delivery of proteins. Coiled-coil
peptides form amphiphatic alpha helices that self-assemble with
partner peptides due to the complementary nature of their hy-
drophobic and charged domains.[28] Coiled-coil forming peptides
also have the potential to interact strongly with cell membranes
because they generate amphiphatic alpha helices, with hydropho-
bic and charged surfaces, which in general bindmembranes with
much higher affinity than unstructured peptides with a similar
hydrophobic–hydrophilic balance.[29–31] For example, Rabe et al.
demonstrated that the coiled-coil peptide (KIAALKE)3 could bind
lipid bilayers with a Kd of 10

−9 M, and could also enhance lipid
bilayer fusion and facilitate drug release from liposomal vectors
intracellularly.[32–34] Coiled-coil forming peptides have the poten-
tial to act as CPPs, given their ability to bind cell membranes
tightly.
Using coiled-coil peptides as CPPs could have many potential

benefits over existing CPPs commonly fused to proteins. For ex-
ample, coiled-coil peptides have a well-defined structure in con-
trast to CPPs such as TAT and SV40 NLS, which appear to be ran-
dom coil peptides.[35] Fusing structureless peptides to proteins
can be problematic because it increases the chances of generat-
ing an unfoldable protein. In addition, current CPPs are primar-
ily composed of cationic peptides such as Argn, which bindmem-
branes through electrostatic interactions, and do not insert into
the hydrophobic core of the membrane.[36,37] In contrast, coiled-
coil peptides contain hydrophobic surfaces and can bind and in-
sert into the hydrophobic core of membranes,[31] potentially lead-

ing to efficient endosomal disruption. Finally, proteins fused to
coiled-coil peptides will also be able to complex other proteins or
particles, which could enable cell targeting and endosomal dis-
ruption functions.[38,39] However, despite their potential, the abil-
ity of coiled-coil peptides to enhance the delivery of proteins has
never been investigated.
In this report, we demonstrate that that the coiled-coil forming

peptide (KVSALKE)5 (termed K5) can function as a CPP, and can
also complex proteins that contain its partner peptide E5 (see Fig-
ure 1). We show here that GFP and Cas9 fused to the K5 peptide
had dramatically enhanced cell uptake in a variety of cell lines,
and that Cas9-K5 was able to edit brain tissue in neurons and
astrocytes of striatum and hippocampus after a direct intracra-
nial injection into adult mouse brains. Collectively, these studies
demonstrate that the coiled-coil forming peptide (KVSALKE)5 is
a new class of multifunctional CPPs that has great potential for
improving the delivery of proteins into cells and in vivo.

2. Results and Discussion

2.1. The K5 Peptide Enhances the Delivery of EGFP into Various
Cell Types

We performed experiments to determine if the coiled-coil form-
ing peptide K5 could act as a CPP and enhance the delivery of
EGFP into cells (see Figure 2a). We selected EGFP as a model
protein because of its straightforward fluorescent readout, and
because it is widely used as a reporter protein for investigating
the efficacy of CPPs, and would allow us to compare K5 with
other CPPs reported in the literature. K5 was fused to EGFP at
its N-terminal and expressed in high yields in Escherichia coli (E.
coli) (10 mg L−1). K5 was fused to the N-terminus of Cas9 be-
cause this site tolerates fusion proteins well, and several Cas9
fusions at the N-terminus have already been made, which were
enzymatically active. K5-EGFP was incubated with NIH 3T3 and
Hela cells at 166 μg mL−1 for 4 h in the presence of 10% FBS, the
cells were washed, and then imaged via fluorescent microscopy.
As a control, EGFP only was incubated with NIH 3T3 and Hela
cells and imaged. Figure 2b demonstrates that K5 significantly
enhances the delivery of EGFP into NIH 3T3 cells. Notably, cells
treated with EGFP had minimal levels of fluorescence, whereas
cells treated with EGFP-K5 had high levels of green fluorescence,
which appeared to have distributed throughout the cell. We per-
formed flow cytometry experiments to further quantify the in-
crease in fluorescence observed with K5. Figure 2c,d demon-
strates that K5 dramatically increased the number of GFP pos-
itive cells in both NIH 3T3 and HeLa cells. NIH 3T3 and HeLa
cells treated with GFP were only 1–2% GFP positive, whereas
cells treated with GFP-K5 were 20% and 40% GFP positive, re-
spectively (see Figures S1 and S2, Supporting Information, for
detailed flow cytometry histograms). In addition, there was no
sign of toxicity in cells treated with GFP-K5 and these experi-
ments demonstrate that K5 can dramatically increase the uptake
of small proteins into cells.

2.2. Cas9 Fused to K5 Is Enzymatically Active

Although CPPs have been intensely investigated for enhancing
the delivery of GFP, there are very few studies investigating their

Adv. Healthcare Mater. 2021, 2102118 © 2021 Wiley-VCH GmbH
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Figure 1. The coiled-coil forming peptide (KVSALKE)5 (K5) is a cell penetrating peptide and can enhance the delivery of proteins into cells. The peptide
(KVSALKE)5 (K5) is fused to proteins and enhances cell uptake via its binding with cell membranes.

Figure 2. K5 enhances the delivery of EGFP into various cell types. a) Schematic illustration of enhanced cellular uptake of EGFP by K5. b) K5 facilitates
the internalization of EGFP into NIH 3T3 cells. Higher magnifications of the merged images (black boxes) are shown in the right panel. Scale bars
represent 50 μm (left panels) and 30 μm (right panels), respectively. c,d) Quantification of flow cytometry data of EGFP or EGFP-K5 uptake in c) NIH
3T3 cells and d) HeLa cells. Mean ± SEM. **p < 0.01 and ***p < 0.001 by permutation t-test. p values were calculated between EGFP and EGFP-K5.

ability to deliver functional proteins, and their results with pro-
teins outside of GFP have beenmixed. For example fusion of TAT
to the Cas9 RNP results in only moderate increases in cell deliv-
ery, and requires coformulation with additional TAT peptides for
delivery into cells.[26] Fusion of 7 SV40-NLS sequences to Cas9
was able to enhance delivery into the brain,[19] and these results
demonstrate that CPPs can enhance the delivery of even large
proteins. However, outside of the SV40-NLS and TAT, the ability
of other CPPs to enhance the delivery of the Cas9 RNP into cells
and in vivo has not been investigated, and could improve numer-
ous aspects of this delivery strategy, in particular, protein yield,

editing efficiency, and cell tropism. There is consequently great
interest in exploring other types of CPPs that can enhance the
delivery of the Cas9 RNP.
In our study, we investigated if the K5 peptide could enhance

the delivery of the Cas9 RNP into cells and further in vivo. The
K5 peptide was fused to the N-terminus of the Cas9 protein, and
expressed in E. coli, with a yield of 10 mg L−1 (see Figure S3, Sup-
porting Information, for gel characterization). The nuclease ac-
tivity of Cas9-K5 RNP was compared against Cas9 RNP (native
Cas9 RNP), with regards to their ability to cleave a PCR ampli-
con. A total of 500 ng of Cas9-K5 RNP or Cas9 RNP were mixed

Adv. Healthcare Mater. 2021, 2102118 © 2021 Wiley-VCH GmbH
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Figure 3. Cas9 fused to K5 is enzymatically active. a) In vitro Ai9 template DNA cleavage assay demonstrates that the Cas9-K5 RNP has 71% of the
nuclease activity of the native Cas9 RNP (Cas9 RNP). b,c) Quantification of flow cytometry data of b) tdTomato-positive cells in Ai9 NIH 3T3 cells and c)
BFP knockdown rate in BFP HEK cells by Cas9 RNP or Cas9-K5 RNP delivered by nucleofection. Mean ± SEM. **p < 0.01 and ns p < 0.05 by permutation
t-test. p values were calculated between Cas9 RNP and Cas9-K5 RNP.

with 500 ng of template DNA (1:1 mass ratio), and the cutting ef-
ficiency was determined by gel electrophoresis. Figure 3a demon-
strates that although the Cas9-K5 RNP does have enzymatic ac-
tivity, its ability to cleave DNA is lower than Cas9 RNP. For ex-
ample, under these conditions, the Cas9 RNP cleaved 100% of
the template DNA, whereas the Cas9-K5 RNP cleaved only 71%.
The Cas9 RNP also had a higher level of enzymatic activity than
the Cas9-K5 RNP, when mixed with template DNA at a 0.5:1
mass ratio and a 2:1 mass ratio (see Figure S4, Supporting In-
formation). The K5 peptide could be interfering with the activity
of Cas9 in multiple ways, given the numerous conformational
changes that the Cas9 protein undergoes during its catalytic
cycle.
Next, the ability of the Cas9-K5 RNP to edit cells after nucle-

ofection was investigated and compared against the Cas9 RNP,
using either Ai9 NIH 3T3 cells or BFP-HEK cells. Ai9 NIH 3T3
cells have a loxP-flanked STOP cassette (i.e., three repeated SV40
polyA signal sequences) upstream of a tdTomato transgene that
is integrated into their genome, and will generate red fluores-
cence after gene editing and removal of the STOP cassette.[40]

The Cas9-K5 RNP and Cas9 RNP had similar levels of editing in
cells after electroporation. The Cas9-K5 RNP edited 14% of Ai9

3T3 fibroblasts which was 77% of the editing rate of the Cas9
RNP (see Figure 3b; see Figure S5, Supporting Information, for
detailed flow cytometry histograms). We further tested the Cas9-
K5 RNP activity in BFP HEK cells. Gene editing efficiency was
calculated by subtracting the percentage of BFP-negative cells in
the untreated cells from the percentage of BFP-negative cells in
the treated cells. BFP HEK cells treated with Cas9-K5 RNP had a
similar BFP knockdown rate to cells treated with Cas9 RNP tar-
geting the BFP gene (see Figure 3c; see Figure S6, Supporting
Information, for detailed flow cytometry histograms). These re-
sults demonstrate that the Cas9-K5 RNP has sufficient enzymatic
activity for gene editing in cells.

2.3. K5 Peptide Enhances the Delivery of Cas9 RNP into Various
Cell Types

To further explore whether K5-fused Cas9 could enhance gene
editing efficiency, we first explored the internalization of the
Cas9-K5 RNP in various cell types. ATTO 550-labeled sgRNAwas
assembled with Cas9 or Cas9-K5 to formfluorescent Cas9 RNP or
Cas9-K5 RNP and their uptake efficiency was measured by flow

Adv. Healthcare Mater. 2021, 2102118 © 2021 Wiley-VCH GmbH
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Figure 4. The K5 peptide enhances the delivery of the Cas9 RNP into various cell types. a) Schematic illustration of enhanced uptake of ATTO 550-labeled
Cas9 RNP by the K5 peptide in cells. b,c) K5 enhanced uptake of ATTO 550-labeled Cas9 RNP: Quantification of flow cytometry data of ATTO 550-positive
cells in b) NIH 3T3 cells and c) HeLa cells using ATTO 550-labeled Cas9 RNP or ATTO 550-labeled Cas9-K5 RNP. d,e) The K5 peptide enhanced the gene
editing efficiency of the Cas9 RNP: Quantification of flow cytometry data of d) tdTomato-positive cells in Ai9 NIH 3T3 cells and e) GFP knockdown rate
in GFP HEK cells by Cas9 RNP or Cas9-K5 RNP. Mean ± SEM. *p < 0.05, **p < 0.01, and ****p < 0.0001 by permutation t-test. p values were calculated
between Cas9 RNP and Cas9-K5 RNP.

cytometry (see Figure 4a). The K-5 peptide causes a significant
enhancement of cell internalization of the Cas9 RNP in NIH 3T3
cells, even in the presence of serum proteins. For example, in-
cubating NIH 3T3 cells with Cas9-K5 RNP in DMEM medium
with 10% FBS resulted inmore than 3% of cells being ATTO 550-
positive, while NIH 3T3 cells incubated with Cas9 RNP exhibited
less than a 1% positive rate, leading to approximately a three-
fold increase in uptake (see Figure 4b; see Figure S7, Supporting
Information, for detailed flow cytometry histograms). A similar
trend was confirmed in HeLa cells, where cells treated with Cas9-
K5 RNP also showed more than a 3% ATTO 550-positive rate,
while Cas9 RNP-treated HeLa cells were less than 1% ATTO 550-
positive (see Figure 4c; see Figure S8, Supporting Information,
for detailed flow cytometry histograms).

2.4. The K5 Peptide Enhances the Gene Editing Efficiency in Ai9
3T3 Cells and GFP HEK Cells

We then investigated if the K5 peptide could enhance Cas9 RNP
editing in cells. Ai9 NIH 3T3 cells were used as model cells to

measure the tdTomato-positive rate to determine the Cas9 RNP
editing efficiency. We found that Ai9 NIH 3T3 cells treated with
Cas9 RNP (166 μg mL−1) were merely 0.183% tdTomato-positive,
whereas Cas9-K5 RNP-treated cells (166 μg mL−1) were 1.98%
tdTomato-positive, which represents approximately a tenfold in-
crease in editing efficiency (see Figure 4d; see Figure S9, Sup-
porting Information, for detailed flow cytometry histograms).We
further confirmed the enhanced editing in GFP-expressing HEK
cells, using a sgRNA designed to knock out the GFP gene via in-
del mutations. Gene editing efficiency was calculated by subtract-
ing the percentage of GFP-negative cells in the untreated cells
from the percentage of GFP-negative cells in the treated cells.
Figure 4e demonstrates that the K5 peptide also improved the
delivery of the Cas9 RNP in GFP HEK cells. GFP HEK cells
treated with the Cas9 RNP (166 μg mL−1) were 3.12% GFP-
negative, whereas GFP HEK cells treated with the Cas9-K5 RNP
(166 μg mL−1) were 4.33% GFP-negative, a 39% increase in edit-
ing efficiency (see Figure S10, Supporting Information, for de-
tailed flow cytometry histograms). These results show that the
K5 peptide can enhance the intracellular delivery of gene editing
enzymes.

Adv. Healthcare Mater. 2021, 2102118 © 2021 Wiley-VCH GmbH
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Figure 5. The Cas9-K5 RNP can edit the brains of Ai9 mice after an intracranial injection. a) Cas9 is fused to K5 and injected into the brains of Ai9 mice,
and was able to edit neurons and astrocytes in the brain after an intracranial injection. b) Schematic showing the injection site in either the striatum or
hippocampus of adult Ai9 mice. Saline or Cas9-K5 RNP (0.6 or 2.5 μg μL−1) was injected into the striatum (AP: 0.50 mm,ML: ±1.87 mm, DV:−3.47 mm)
or the hippocampus (AP: −2.56 mm, ML: ±1.55 mm, DV: −2.00 mm) of Ai9 mice. c) tdTomato (red) immunostaining and DAPI (blue) nuclear staining
were performed 21 days after the saline or Cas9-K5 RNP (0.6 or 2.5 μg μL−1) injection. Scale bar represents 50 μm. d) Quantification of the percentage of
tdTomato+ cells among DAPI+ cells in the striatum (permutation one-way ANOVA: F(2,27) = 27.03, p < 0.001) and hippocampus (permutation one-way
ANOVA: F(2,27) = 12.93, p < 0.001). Mean ± SEM, n = 10, **p < 0.01 by post hoc permutation t-test. Post hoc p values were calculated between control
(saline) and Cas9-K5 RNP 0.6 and 2.5 μg μL−1, respectively, or Cas9-K5 RNP 0.6 μg μL−1 and Cas9-K5 RNP 2.5 μg μL−1.

2.5. The Cas9-K5 RNP Can Edit Genes in the Striatum and
Hippocampus of Ai9 Mice In Vivo

Given that our results demonstrate that K5 fusion to Cas9 RNP
leads to enhanced gene editing in various cell types (see Fig-
ure 4d,e), we further tested the gene editing efficiency of theCas9-
K5 RNP in vivo. To test our idea of whether Cas9-K5 RNP could
deliver and edit genes in vivo, we stereotaxically injected Cas9-K5
RNP into the brains of adult Ai9 mice (see Figure 5a). The Ai9
mouse is a genetically engineered mouse model, which has a flu-
orescent tdTomato gene containing loxP-flanked STOP cassettes
upstream of it.[41] As mentioned earlier, the deletion of the STOP
sequences allows transcription of the tdTomato gene, resulting
in fluorescence expression (see Figure 5a). The sgRNA used for
these experiments was designed to remove the STOP sequences,
and was verified in Ai9 NIH 3T3 cells (see Figure 4d). Cas9 RNP
or Cas9-K5 RNP or saline were stereotaxically injected into two
brain regions, the hippocampus and the striatum, of 2–4 month
old adult Ai9 mice as shown in Figure 5b, and the expression
of tdTomato was measured via fluorescence histology. The gene
editing efficiency was determined by detecting tdTomato-positive
(tdTomato+) cells normalized by total cell number (DAPI+). Fig-
ure 5c,d demonstrates that Cas9-K5 RNP can efficiently edit cell

genomes after stereotaxic intracerebral injection in both stria-
tum and hippocampus, while control (saline-treated brain hemi-
sphere) did not show edited cells. We treated two dosages (0.6
and 2.5 μg μL−1) of Cas9-K5 RNP; the efficiency was significantly
increased by higher dosage injection (2.5 μg μL−1) compared to
lower dosage injection (0.6 μg μL−1), ≈2-fold increase in stria-
tum (≈2% : ≈4%) and ≈2.5-fold increase in hippocampus (≈1%
: ≈2.5%). These results indicate that Cas9-K5 RNP edited brain
cells and that the gene editing efficiency was dose-dependently
increased. Notably, when we counted the total number of cells
(DAPI+) by DAPI nuclear staining, we did not see a significant
difference in total DAPI-positive cell numbers, in comparison
to the saline-treated group, in either the low or high dosages,
demonstrating that the Cas9-K5 has no significant impact on cell
numbers (see Figure S11, Supporting Information).

2.6. The K5 Peptide Edits Neurons and Astrocytes in the Striatum
and Hippocampus of Ai9 Mice In Vivo

Whereas neurons are the primary working units of the brain,
non-neuronal cells also play important roles in brain function
by maintaining, supporting, and regulating neuronal functions.
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Figure 6. The cell specificity of Cas9-K5 RNP edited cells in the striatum of Ai9 mice. a) Immunostaining of tdTomato+ (red) and either NeuN+ (green)
or GFAP+ (cyan) cells 21 days after stereotaxic injection of Cas9 K5 RNP. Scale bar represents 30 μm. b,c) Quantification of b) tdTomato+;NeuN+ or
tdTomato+;GFAP+ cells among total tdTomato+ cells (%); c) tdTomato+;NeuN+ or tdTomato+;GFAP+ cells among total NeuN+ or GFAP+ cells (%),
respectively, in the Cas9-K5 RNP-injected area. Mean ± SEM, n = 10. *p < 0.05, **p < 0.01 by permutation t-test. p values were calculated between
Cas9-K5 RNP 0.6 μg μL−1 and Cas9-K5 RNP 2.5 μg μL−1.

There is great interest in editing the genes of both neuronal and
glial cells, since along with neurons, glial cell dysfunction causes
multiple brain disorders.[42] We further identified the brain cell
types edited by Cas9-K5 RNP to determine the editing efficiency
in both neurons and astrocytes of Ai9 mouse brains. Cas9-K5
RNP-injected Ai9 brain sections were stained with the following
cell markers: neuronal nuclear protein (NeuN) and glial fibril-
lary acidic protein (GFAP) which identify the neuronal popula-
tions and astrocytes respectively in the histology sections. The
colocalization of tdTomato-positive (tdTomato+) cells with NeuN-
positive (NeuN+) or with GFAP-positive (GFAP+) cells demon-
strates that≈47% and≈53% among all edited cell populations (%
of tdTomato+ cell) are neurons and astrocytes respectively in the
striatum (see Figure 6b; see Figure 6a for representative images)
and≈72% and≈28% in the hippocampus (see Figure 7b; see Fig-
ure 7a for representative images) when we used lower dosage in-
jection (0.6 μg μL−1) of Cas9-K5 RNP. Notably, the % of astrocytes
among edited cells increased by a higher dosage (2.5 μg μL−1) in-

jection of Cas9-K5 RNP compared to lower dosage (0.6 μg μL−1),
≈1.5-fold increase in striatum (≈53% : ≈82%) and ≈2.5-fold in
hippocampus (≈28% : ≈80%), while the % of neurons among
edited cells decreased in striatum (≈47% : ≈18%) and in hip-
pocampus (≈72% : ≈20%) (see Figure 6b for striatum and Fig-
ure 7b for hippocampus).
Next, we further determined the gene editing efficiency in each

cell type in neuron and astrocyte by analyzing the edited neu-
rons (tdTomato+;NeuN+) among neuronal populations (NeuN+)
and edited astrocytes (tdTomato+;GFAP+) among astrocyte pop-
ulations (GFAP+). As a result, we found that gene editing effi-
ciency in neurons ranges from ≈1.3% to ≈3% in striatum and
hippocampus, and did not show any significant increased gene
editing efficiency by higher dosage (see the upper graphs of Fig-
ure 6c for striatum and Figure 7c for hippocampus; see Figure
S12, Supporting Information, for non-normalized raw values).
Notably, the gene editing efficiency in astrocytes increased sig-
nificantly by ≈2.1-fold in striatum (≈7% : ≈15%) and ≈4.5-fold
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Figure 7. The cell specificity of Cas9-K5 RNP edited cells in the hippocampus of Ai9 mice. a) Immunostaining of tdTomato+ (red) and either NeuN+

(green) or GFAP+ (cyan) cells 21 days after stereotaxic injection of Cas9 K5 RNP. Scale car represents 30 μm. b,c) Quantification of b) tdTomato+;NeuN+

or tdTomato+;GFAP+ cells among total tdTomato+ cells (%); c) tdTomato+;NeuN+ or tdTomato+;GFAP+ cells among total NeuN+ or GFAP+ cells (%),
respectively, in the Cas9-K5 RNP-injected area. Mean ± SEM, n = 10. **p < 0.01 by permutation t-test. p values were calculated between Cas9-K5 RNP
0.6 μg μL−1 and Cas9-K5 RNP 2.5 μg μL−1.

in hippocampus (≈2% : ≈9%) by a higher dosage injection of
Cas9-K5 RNP compared to lower dosage (see the lower graphs of
Figure 6c for striatum and Figure 7c for hippocampus; see Fig-
ure S12, Supporting Information, for non-normalized raw val-
ues). There was a minor increase (less than 1.5-fold) of total as-
trocyte number by higher dosage treatment of Cas9-K5 RNP both
in striatum and hippocampus while no significant total neuron
number change was observed (see Figure S13, Supporting Infor-
mation).
Altogether, our results implicate that higher dosage of Cas9-

K5 RNP may provide advantages when targeting astrocytes. On
the other hand, neuronal gene editing efficiency was capped or
saturated and did not significantly benefit by a higher dosage of
Cas9-K5 RNP. This information may enable strategies for target-
ing brain cell types in the future with Cas9-K5. Gene editing in
the brain with Cas9-K5 RNP was significantly lower in efficiency
than gene editing with AAV, which usually generates 20–30% cell
infection rates in the brain.[43] However, the Cas9-K5 RNP can be

treated into patients multiple times, whereas AAV-based thera-
pies cannot, and thismay compensate for their lower efficiencies.

2.7. Cas9-K5 Can Complex Proteins that Contain Its E5
Counterpart

Hetero- or homo-oligomerization of proteins by coiled-coil in-
teractions has shown great potential for use in biotechnology,
bioengineering, and cell-based therapeutic applications.[44] We
therefore further investigated if our K5-fused protein is capa-
ble of complexing proteins that contained its E5 counterpart
(EVSALEK)5. We fused the E5 peptide to EGFP andmixed it with
Cas9-K5, to investigate if Cas9-K5 could complex other proteins
(see Figure 8). As shown by agarose gel electrophoresis in Fig-
ure 8, free EGFP-E5 migrates through the agarose gel, due to
its negative charge, and can be directly visualized via its fluo-
rescence. In contrast, EGFP-E5 mixed with Cas9-K5 has a very
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Figure 8. Cas9-K5 can complex EGFP-E5. Complexation of EGFP-E5 with Cas9-K5 at different molar ratios. Cas9-K5 is able to complex with EGFP-E5 as
shown by agarose gel electrophoresis.

different gel migration pattern, and the mobility of the EGFP-E5
was retarded after complexation with Cas9-K5. In addition, the
inhibitory effect of the Cas9-K5 was dose-dependent and high
Cas9-K5 to EGFP-E5 molar ratios, completely inhibited EGFP-
E5 from migrating into the gel. Additional control experiments
were also performed to investigate if the E5 and K5 sequences
were essential for mediating complexation between Cas9 and
EGFP. Figure S14, Supporting Information, demonstrates that
complexation between Cas9 and EGFP was dependent upon the
E5 and K5 sequences. These results demonstrate the great poten-
tial of K5/E5 interactions to direct the formation of multicompo-
nent complexes of precisely defined stoichiometry and will allow
the introduction of different delivery functionalities into protein
complexes.

3. Conclusions

The development of highly efficient CPPs that can be fused to
proteins remains a central problem in the field of drug deliv-
ery. Although a variety of peptides have been used to enhance
the delivery of GFP, these peptides have not been investigated
for more challenging proteins such as Cas9 and have also rarely
been investigated in vivo. Consequently, there is still a great need
for developing new CPPs. The peptide (KVSALKE)x and its ana-
logues has been used by numerous laboratories to assemble pro-
teins together via coiled-coil interactions. However, the ability of
coiled-coil forming peptides to enhance the delivery of proteins
into cells has never been investigated. In this report, we demon-
strate that the peptide (KVSALKE)5 could enhance the delivery of
either GFP or Cas9 RNP into cells and in vivo. Coiled-coil form-
ing peptides have several advantages as CPPs. In particular, the
K5 peptide forms an amphiphilic alpha-helix, which generates
a hydrophobic surface and a cationic surface, which should en-
able efficient membrane binding and potentially membrane par-
titioning and endosomal disruption. The K5 peptide was able to
enhance the delivery of the Cas9 RNP into Ai9 fibroblasts and
also was effective at editing a variety of cells in the brain after a
direct intracranial injection. The K5 peptide did lower the activity

of the Cas9 RNP, and appears to be the largest repeat tolerated
by the Cas9 RNP. For example, Cas9 fused to (KVSALKE)7 and
(KVSALKE)9 both had minimal amounts of enzymatic activity
(see Figure S15, Supporting Information,). We anticipate numer-
ous applications of the K5 peptide given its ability to enhance cell
uptake, broad cell tropism, and ability to complex other proteins.

4. Experimental Section
Materials: Oligonucleotides were purchased from Integrated DNA

Technologies (IDT, Coralville, IA). Phusion High-Fidelity DNA Polymerase
was purchased from NEB (Ipswich, MA). Mini-PROTEAN TGX Gels (4–
20%) were purchased from Bio-Rad (Hercules, CA). Cas9 proteins were
purchased from Macrolab UC Berkeley. BFP HEK cells and GFP HEK cells
were a generous gift from GenEdit.[45] NIH 3T3 cells or HeLa cells were
obtained from UC Berkeley Cell Culture Facility. Ai9 NIH 3T3 cells were a
generous gift from Craig Duvall’s lab.[40] Paraformaldehyde (PFA, cat. #:
41678-0010) and D(+)-Sucrose (cat. #: 177140010) were purchased from
AcrosOrganics; phosphate buffered saline (PBS, cat. #: BP 399-4), sodium
citrate (cat. #: BP 327–500), and Tween 20 (cat. #: 9005-64-5) from Fisher
BioReagents; Superfrost Plus Microsope Slides (cat. #: 12-550-15) and
Tissue-Plus O.C.T. Compound from Fisher Healthcare; isoflurane from
Vetone; ProLong Gold Antifade Reagent from Molecular Probes; embed-
ding molds from Thermo Scientific; Goat Serum from Gibco; DAPI (4′,6-
diamidino-2-phenylindole), DMEM media, non-essential amino acids,
penicillin–streptomycin, dPBS, and Accutase were purchased from Invit-
rogen (Carlsbad, CA).

Antibodies: The rabbit polyclonal RFP antibody was purchased from
Rockland (cat. #: 600-401-379), the mouse monoclonal NeuN antibody
(cat. #: MAB377) from Millipore (Burlington, MA), and the chicken poly-
clonal GFAP antibody from EnCor (cat. #: CPCA-GFAP). The donkey anti-
rabbit IgG-Cy3 (cat. #: 711-165-152), donkey anti-mouse IgG-Alexa Fluor
647 (cat. #: 715-605-151), and donkey anti-chicken IgY-Cy2 (cat. #: 703-
225-155) were purchased from Jackson ImmunoResearch Laboratories,
Inc. (West Grove, PA).

Animal Care and Use: Ai9 mice (in C57BL/6J background) were ob-
tained from Jackson Laboratory (stock #007909). The use and care of ani-
mals in this study follow the guidelines of the UTHSCSA and UC Berkeley
Institutional Animal Care and Use Committee.

Protein Expression: (KVSALKE)5 (K5)-, (KVSALKE)7 (K7)-, or
(KVSALKE)9 (K9)-fused Streptococcus pyogenes Cas9 (Cas9-K5, Cas9-
K7, or Cas9-K9) was expressed from an expression vector that was
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previously published in the manuscript by Jinek et al.[46] It was com-
posed of a custom pET-based expression vector encoding an N-terminal
6His-tag followed by the maltose-binding protein and a TEV protease
cleavage site followed by K5 sequence, as well as two SV40 NLS peptides
at its C-terminus. Recombinant Cas9-K5, Cas9-K7, or Cas9-K9 protein was
expressed in the E. coli strain BL21 (DE3)[46] (UC Berkeley MacroLab)
and further purified to homogeneity as previously described. Purified
Cas9 protein was stored in 50 mm HEPES at pH 7.5 with 300 mm NaCl,
10% glycerol, and 100 μm TCEP at −80 °C. Cas9-K5, Cas9-K7, or Cas9-K9
protein concentration was determined by a NanoDrop 2000 (Thermo Sci-
entific) from the absorbance at 280 nm. K5 or E5 (EVSALEK)5-fused EGFP
(EGFP-K5 or EGFP-E5) was expressed from pET-based vector encoding
an N-terminal 6His-tag followed by EGFP and K5 or E5 sequence on the
C terminus. Recombinant EGFP-K5 and EGFP-E5 protein was expressed
in E. coli strain BL21 (DE3) (UC Berkeley MacroLab) and further purified
by HisTrap HP (Cytiva). Cas9 RNP formation was conducted by mixing
Cas9, Cas9-K5, Cas9-K7, or Cas9-K9 protein with sgRNA at a molar ratio
of 1:1.2 and incubated on ice for 15 min before use. sgRNA sequences
used in this paper were as below:

BFP and GFP sgRNA targeting sequence: GCTGAAGCACTGCACGCCAT
Ai9 sgRNA targeting sequence: AAGTAAAACCTCTACAAATG

For coiled-coil complexation studies, a 1 mg mL−1 solution of Cas9-K5
(or Cas9) was mixed with a 1 mg mL−1 solution of EGFP-E5 (or EGFP) at
differentmolar ratios (2:1, 1:1, 1:2) and incubated at room temperature for
20 min. The resulting complexes were run on an agarose gel for coiled-coil
interaction analysis.

Cell Culture: Ai9 NIH 3T3 cells, NIH 3T3 cells, HeLa cells, BFP HEK
cells, and GFP HEK cells were cultured in DMEM supplemented with 10%
fetal bovine serum (Gibco) and 1% penicillin–streptomycin and main-
tained at 37 °C in a humidified incubator (Thermo Electron Corporation)
containing 5% CO2. When the cells reached 80% confluency, they were
passaged using Accutase solution; media was changed every 2–3 days.

Cell Internalization Studies: Studies of intracellular delivery with EGFP
and Cas9 RNP were achieved using fluorescence microscopic technique
and fluorescence-activated cell sorting. NIH 3T3 cells or HeLa cells were
seeded in 96 well plates at a density of 10 000 per well the day before ex-
posing to samples. EGFP-K5 and ATTO 550-labeled Cas9-K5 RNP or their
native forms were added into the cell cultures. After incubation at 37 °C
for 4 h, the cells were washed three times with PBS and either visualized
with a fluorescent microscope EVOS M5000 (Invitrogen) or analyzed via
Attune NxT flow cytometer (Invitrogen).

Cas9 RNPNucleofection and Cas9 RNP Transfection: For nucleofection,
cells were detached using Accutase, spun down at 600 × g for 3 min
and washed with PBS. Nucleofection was conducted using a Lonza 4D-
Nucleofector system with SE Cell Line 4D-Nucleofector X Kit following
the manufacturer’s protocol. Briefly, 200 000 Ai9 NIH 3T3 cells or BFP
HEK cells were suspended in 20 μL SE buffer containing Cas9 RNPs
(31.25 pmole of Cas9, 37.5 pmole of sgRNAs) and transfected using the
EN-158 or CM-130 Lonza program. After nucleofection, cells were spun
down at 600 × g and resuspended in 500 μL fresh DMEM medium sup-
plemented with 10% FBS and 1% penicillin–streptomycin and incubated
at 37 °C in tissue culture plates for 5 days before flow cytometry analysis.

For direct transfection studies, 100 μL of Opti-MEM (Gibco) containing
Cas9 RNPor Cas9-K5 RNP (16.6 μg Cas9 or Cas9-K5) was added to Ai9NIH
3T3 cells or GFP HEK cells. The cells were transfected for 48 h at 37 °C in a
humidified incubator containing 5% CO2 and replaced with fresh DMEM
medium supplemented with 10%FBS and 1%penicillin–streptomycin. Td-
tomato signals or the GFP signals were analyzed by Attune NxT flow cy-
tometer (Invitrogen) after another 24 or 72 h. Gene editing efficiency was
determined by the percentage of Td-tomato positive cells or GFP negative
cells.

In Vitro Cleavage Assays: The Ai9 template was PCR amplified (for-
ward: TGCTATACGAAGTTATTCGC reverse: GACAAACCACAACTAGAATG)
from synthesized Ai9 DNA (ATGTATGCTATACGAAGTTATTCGCGATG
AATAAATGAAAGCTTGCAGATCTGCGACTCTAGAGGATCTGCGACTCTAG
AGGATCATAATCAGCCATACCACATTTGTAGAGGTTTTACTTGCTTTAAAAA

ACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGAATGCAATTGTTG
TTGTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCAT
CACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTG
TCCAAACTCATCAATGTATCTTATCATGTCT). For in vitro cleavage assays,
500 ng of template DNA was incubated with 500 ng (or as indicated
in each Figure) of Cas9 RNP, Cas9-K5 RNP, Cas9-K7 RNP, or Cas9-K9
RNP with sgRNA targeting the Ai9 sequence in 10 μL 1× Cutsmart buffer
(NEB) and incubated at 37 °C for 4 h. Gel electrophoresis was performed
to verify cleavage of the template.

Stereotaxic Injection: Male and female Ai9 (Cre-dependent tdTomato
reporter) mice aged 2–3 months were used in this study. Mice were
anaesthetized using isoflurane (4% for induction and 2% for maintain-
ing) and bilaterally injected with saline (left hemisphere) and Cas9-K5 RNP
(right hemisphere) into the striatum (AP: 0.50 mm, ML: ±1.87 mm, DV:
−3.47 mm) and hippocampus (AP: −2.56 mm, ML: ±1.55 mm, DV:
−2.00 mm). Either saline or Cas9-K5 RNP (final concentrations per in-
jection: 0.6 or 2.5 μg μL−1) were infused with 1.5 μL per injected site
(0.5 μL min−1) using a Hamilton Neuros syringe. After the infusion, the
injector was left at the injection site for 5min and then slowly withdrawn. A
period of 21 days was given before the perfusion and immunostaining pro-
cedures. The use and care of animals in this study followed the guidelines
of the UTHSCSA.

Immunostaining: 21 days after stereotaxic injection, the mice were
anaesthetized by isoflurane and were perfused with ice-cold PBS followed
by 4% PFA in PBS. The brains were postfixed for 4 h in 4% PFA, washed
once with PBS, and then cryoprotected by 30% sucrose in PBS at 4 °C for
2–3 days. After cryoprotection, the brains were embedded in O.C.T. com-
pound, frozen, and then stored at −80 °C until next processing. Mouse
brain sections were obtained by cryostat (CM3050S; Leica Microsystems).
Slices with striatum and hippocampus were cryosectioned on the coro-
nal plane at 20 μm, mounted on glass slides, and stored at −20 °C. The
sections to be immunostained were washed three times in PBS. Antigen
retrieval was performed by steaming in a citrate buffer (0.294% sodium cit-
rate, 0.05% Tween 20 in distilled water, pH 6.0) for 15min with subsequent
cooling over ice for 10 min. The sections were rinsed in PBS and blocked
(5% goat serum, 0.2% Triton X-100 in PBS) at room temperature for 1 h.
The sections were next incubated in the same blocking solution with pri-
mary antibodies (1:500 rabbit anti-RFP, 1:500 mouse anti-NeuN, 1:1000
chicken anti-GFAP) overnight at 4 °C. The sections were washed four times
in PBS before incubation with secondary antibodies (1:500 Cy3-conjugated
donkey anti-rabbit, 1:500 Alexa Fluor 647-conjugated donkey anti-mouse,
1:500 Cy2-conjugated donkey anti-chicken) for 2 h. After the incubation
with secondary antibodies the sections were washed four times in PBS,
and then incubated with DAPI diluted in PBS (1:1500 of 5 μg μL−1 stock so-
lution) for 10 min. Next,the sections were washed three times in PBS and
mounted with Prolong Gold Antifade Reagent and imaged using a Zeiss
Axio Observer 7 microscope with 20× and 40× objective, respectively, and
captured with camera Axiocam 503mono (Carl Zeiss Microscopy GmbH).

Image Analysis: Quantification of gene editing efficiency in Ai9 mice
was performed in a defined ROI, which was the same for all animals in
striatum and hippocampus, respectively. Each injected brain area was an-
alyzed from five images taken as a z-stack (10 μm) with the same magni-
fication (40×) and same exposure times. The total number of tdTomato+,
DAPI+, NeuN+, and GFAP+ cells was counted using the Cell counter plu-
gin for ImageJ software (NIH). To determine the percentage of edited
cells (tdTomato+) or to present the number of DAPI+ cells in Ai9 mice,
tdTomato+ cells were counted and normalized against the number of
DAPI+ cells or the number of DAPI+ cells were presented itself (ana-
lyzed from a defined ROI, which was the same size for all images ana-
lyzed for comparison). To determine the percentage of cell types among
edited cells, NeuN+ or GFAP+ cells were counted in only tdTomato+ cells.
The percentage of the tdTomato+ cells among the each cell type (neu-
ron or astrocytes) was also analyzed by counting NeuN+ or GFAP+ cells
costained with tdTomato among the total NeuN+ or GFAP+ cells. Each
cell marker was stained with tdTomato and analyzed independently. The
percentage of tdTomato+ and total number of DAPI+ cells among saline
and Cas9-K5 RNP (0.6 and 2.5 μg μL−1)-injected brain areas were evalu-
ated. The effect of Cas9-K5 RNP concentration (0.6 vs 2.5 μg μL−1) on the
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cell specificity, total number of edited neurons (tdTomato+;NeuN+) or as-
trocytes (tdTomato+;GFAP+), as well as total number of all edited cells
(tdTomato+) in the striatum and hippocampus were also analyzed.

Statistical Analysis: All in vitro experimental raw data were acquired in
at least three independent experiments and presented as mean ± SEM.
An unpaired two-tailed t-test was performed to evaluate statistical signifi-
cance between two groups. p< 0.05 was considered significant. The statis-
tical analyses were performed using GraphPad Prism 6. For in vivo experi-
ment two animals (male and female) per group were used. The statistical
analyses were conducted with data acquired from a total of five images
per animal, a total of ten images per group (n = 10). All data were pre-
sented as mean ± SEM. The statistical analysis of multiple-group compar-
ison was performed using one-way permutation ANOVAwithmaximumof
5000 permutations. The post hoc between-group comparisons were eval-
uated using two-tailed permutation t-test with 10 000 permutations. Sig-
nificance level was defined as p< 0.05. Statistical analyses were conducted
using lmPerm and RVAideMemoire packages for R version 3.6.0.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Analysis of chemokine receptor, and atypical chemokine receptor, expression is fre-
quently hampered by the lack of availability of high-quality antibodies and the species
specificity of those that are available. We have previously described methodology uti-
lizing Alexa-Fluor-labeled chemokine ligands as versatile reagents to detect receptor
expression. Previously this has been limited to hematopoietic cells and methodology for
assessing expression of receptors on stromal cells has been lacking. Among chemokine
receptors, the ones most frequently expressed on stromal cells belong to the atypical
chemokine receptor subfamily. These receptors do not signal in the classic sense in
response to ligand but scavenge their ligands and degrade them and thus sculpt in vivo
chemokine gradients. Here, we demonstrate the ability to use either intratracheal or
intravenous, Alexa-Fluor-labeled chemokine administration to detect stromal cell popu-
lations expressing the atypical chemokine receptor ACKR2. Using this methodology, we
demonstrate, for the first time, expression of ACKR2 on blood endothelial cells. This obser-
vation sets the lung aside from other tissues in which ACKR2 is exclusively expressed
on lymphatic endothelial cells and suggest unique roles for ACKR2 in the pulmonary
environment.

Keywords: ACKR2 � Alexa-Fluor labeling � Blood endothelial cells � Lung � Pulmonary immunity

� Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

In vivo leukocyte migration is regulated, in the main, by proteins
belonging to the chemokine family of chemotactic cytokines [1, 2].
This family is defined on the basis of a conserved cysteine motif in
the mature sequence of its members and is divided into CC, CXC,
XC, and CX3C subfamilies according to the specific configuration

Correspondence: Dr. Gerard J. Graham
e-mail: gerard.graham@glasgow.ac.uk

of this motif. The chemokine family arose early in vertebrate evo-
lution [3] (prevertebrate species do not have chemokines) and
the primordial chemokine was almost certainly CXCL12, which
plays essential roles in stem cell migration during embryogen-
esis [4-9]. From this one chemokine and its receptor CXCR4,
through gene duplication, the family has expanded to the point
at which mammals have approximately 45 chemokines, and 18
signaling chemokine receptors, which together orchestrate in vivo
homeostatic and inflammatory leukocyte migration. Chemokine
regulation of cellular migration is extremely complex and, partic-
ularly in the case of inflammation [10], poorly understood, which

C© 2020 The Authors. European Journal of Immunology published by WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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reported in any other tissues and suggests unique roles for ACKR2
in lung function and pulmonary immunity.

Results

ACKR2 is stromally expressed in the lung

Data on ACKR2 expression profiles available through the Imm-
gen database (www.immgen.org) reveal that the lung is the tis-
sue with the highest expression (Supporting Information Fig. 1).
We have previously described the versatile use of fluorescently
labeled chemokines, instead of antibodies, to detect their cog-
nate receptors using flow cytometry as a read out [35, 37-39].
We used this approach with Alexa-647-labeled CCL22 (a high-
affinity ACKR2 ligand: Alexa-CCL22) uptake to detect ACKR2 in
lung digests. Importantly, CCL22 also binds to the chemokine
receptor CCR4 so to control for any contribution of this recep-
tor to cellular CCL22 binding, and to confirm specific binding to
ACKR2, we have included ACKR2−/− mice and tissues in all our
analyses. Comparing CCL22 binding in WT and ACKR2−/− tis-
sues and cells therefore allows us to specifically determine the
expression patterns of ACKR2. Importantly, there are no differ-
ences in circulating levels of CCL22 between WT and ACKR2−/−

mice, which might confound these analyses (Supporting Informa-
tion Fig. 2). Further reasons for selecting CCL22 for this analysis
include the fact that this ligand does not display the broad receptor
binding profiles of other ACKR2 ligands and expression of CCR4 is
more limited than the receptors that bind the other ACKR2 ligands
[14]. Flow cytometric analysis of CD45+ cells from Alexa-CCL22-
stained lung digests failed to detect any significant expression
on CD45+ leukocytes in either WT or ACKR2−/− lungs (Fig. 1a).
The exemplar flow cytometry plot shown in Fig. 1a(i) revealed
a low level of Alexa-CCL22 binding to CD45+ cells in ACKR2−/−

lung digests, which is not seen in WT digests. We did not see
this routinely and repeated flow cytometric analyses (Fig. 1a(ii))
revealed essentially undetectable Alexa-CCL2 binding by either
WT or ACKR2−/− CD45+ cells. These data, therefore, indicated
that ACKR2 expression in the lung was predominantly stromal in
origin. We used RNA sequencing to generate data on the tran-
scriptional profile of FACS-sorted pulmonary stromal cell types
at rest and over the course of an influenza infection to exam-
ine possible pathogen-driven alterations in expression. As shown
in Fig. 1(b), ACKR2 expression was essentially undetectable in
epithelial cells but was present at low levels in fibroblasts and
at very high levels in blood endothelial cells. Expression did not
vary significantly over the course of influenza infection. Exam-
ination of pulmonary ACKR2 expression by qPCR from embry-
onic day 13.5 to 9 weeks of age indicated that expression is low
within the embryo but that it is markedly upregulated immediately
after birth and presumably coincident with the onset of breath-
ing. This increased level is maintained and increased as mice age
(Fig. 1c).

Next, we tried to use the in vitro Alexa-CCL22 detection method
to examine ACKR2 expression on nonleukocytic stromal cells

C�

has contributed to ongoing problems in therapeutically targeting 
inflammatory chemokine receptors in immune and inflammatory 
diseases [11].

In addition to signaling chemokine receptors that belong to 
the G-protein-coupled receptor family [12], chemokines also bind 
to a subfamily of atypical chemokine receptors (ACKRs), which 
are generally stromally expressed and which fine-tune in vivo 
chemokine activity by scavenging chemokines and therefore reg-
ulating chemokine availability [13-15]. There are currently four 
members of the ACKR family: ACKR1 (formerly known as DARC), 
ACKR2 (formerly known as D6), ACKR3 (formerly known as 
CXCR7), and ACKR4 (formerly known as CCX-CKR). With the 
exception of ACKR1, these receptors exhibit spontaneous internal-
ization and recycling activity and scavenge chemokines from the 
environment and target them for lysosomal degradation. ACKR3 
carries out this role in some essential developmental contexts and 
is strongly evolutionarily conserved [5, 6, 16, 17]. ACKR4 scav-
enges chemokines within the LN to generate intra-LN gradients 
and facilitate DC migration from the subcapsular sinus into the 
T-cell zone of the LN [18]. We have had a particular interest 
in ACKR2, which is the prototypic member of the ACKR family 
[19]. This receptor binds, internalizes, and degrades all inflam-
matory chemokines belonging to the CC-chemokine subfamily and 
thus plays an essential role in the resolution of the inflammatory 
response [20-24]. This has implications for tumorigenesis [25-28] 
as well as for branching morphogenesis in a number of develop-
mental contexts [29, 30]. ACKR2 is predominantly expressed on 
lymphatic endothelial cells [31, 32] and placental trophoblasts 
[23, 33, 34] with expression also being detected on subsets of 
splenic B cells [35]. The ACKRs are therefore central regulators of 
chemokine activity in vivo.

One of the challenges in studying chemokine receptors, includ-
ing ACKRs, is access to high-quality antibodies. While antibodies 
to some typical and atypical receptors are available, it has proven 
extremely difficult to raise useful antibodies to others. For exam-
ple, there are no high-quality antibodies available for detection of 
murine ACKR2. A further issue is that even for receptors for which 
antibodies are available, these antibodies are invariably species 
specific and it is therefore difficult to carry out analyses in either 
nonmurine or nonhuman species. This is particularly important for 
highly conserved receptors such as ACKR3. The availability of a 
generic methodology to allow detection of ACKRs (and amenable 
to detection of typical receptors), which would be usable in vivo 
and applicable to numerous species, would therefore represent a 
significant technological development.

Here, we describe a novel methodology for the detailed anal-
ysis of the phenotypes of ACKR2-expressing cells in lung stroma. 
The technology is conceptually similar to that reported by Ameti 
and colleagues [36] and uses ACKR2-dependent internalization 
of a fluorescently tagged ligand to identify receptor expressing 
cells and we demonstrate the utility of comparing intratracheal 
and intravenous administration in defining, and discriminating 
between, discrete receptor expressing stromal cell types. Using 
this approach, we report, for the first time, robust expression of 
ACKR2 by pulmonary blood endothelial cells. This has not been
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Figure 1. In vitro analysis of pulmonary ACKR2 expression. (a) (i) Flow cytometric analysis showing lack of expression of ACKR2 by CD45+ve
cells in lung digests as assessed by comparing Alexa-CCL22 uptake (X-axis) in WT and ACKR2−/− (KO) lungs. The Y-axis shows side scatter (SSC)
(n = 3 WT and 3 KO mice per experiment. The experiment was performed three times). (ii) Graph showing combined results of (i) for multiple
analyses of Alexa-CCL22 binding by CD45+ cells from the lung. There are no significant differences in the binding profiles of WT and ACKR2−/−

(KO) CD45+ cells. Error bars represent mean± SD. (b) Analysis of transcriptomic data generated from lung stromal populations showing low level
ACKR2 expression in fibroblasts but high-level expression in blood endothelial cells (analyzed using a bespoke bioinformatics pipeline available
through Glasgow Polyomics:www.polyomics.gla.ac.uk). These data were generated from resting lung stromal populations as well as from the same
populations retrieved from lungs at the indicated times (10 and 40 days) postinfluenza virus infection. (Data were generated and combined using
RNA from four separate lung cell harvests and the transctiptomic analyses performed once on these samples. Error bars represent mean ± SD.
(c) qPCR analysis of pulmonary ACKR2 expression from embryonic day E13.5 to adult 9-week-old mice. Data were normalized to expression of
the housekeeping gene Tata-binding protein. Statistical significance was tested using a one-way ANOVA test and ***p < 0.001. (Each time point
represents PCR data combined from four separate lung preps. PCR was performed on one occasion once all samples were obtained.) Error bars
represent mean ± SD. (d) Flow cytometric analysis of CD45-ve Alexa-CCL22 internalizing cells from WT and ACKR2−/− lungs. The X-axis shows the
Alexa-CXCL22 binding, while the Y-axis shows staining for the epithelial marker EpCAM. (n = 3 WT and 3 KO mice per experiment. The experiment
was performed three times.) (e) Quantification of the percentage of ACKR2+ve stromal cells detected using this Alexa-CCL22 in vitro labeling
approach. Data are combined from three experiments with n = 3 mice/group. Statistical significance was tested using Student’s T test and *p <

0.05. Error bars represent mean ± SD.

in the digested lung. However, and as shown in Fig. 1d, this
technology, which works well with leukocytes [35, 39, 40] and
mammary gland fibroblasts [30], revealed only a minor differ-
ence in the numbers of Alexa-CCL22 internalizing cells in WT
or ACKR2−/− lungs. These data are summarized numerically in
Fig. 1e.

Overall, therefore, these data indicate that ACKR2 is predom-
inantly expressed on stromal cells within the lung but that flow
cytometry utilizing fluorescent chemokine uptake with digested
lung tissue has limited sensitivity to detect the key stromal express-
ing cell types. Importantly, the Alexa-CCL22 was added to the
lung cells after digestion was completed and the cells washed.
There is therefore unlikely to be any contribution of proteolytic

degradation of the ligand to the weak binding results obtained in
these experiments.

Intratracheal fluorescent chemokine administration
detects key ACKR2-expressing stromal components

We reasoned that the function of stromal ACKR2 expression may
be dependent on interactions with other stromal components and
that the inability to detect it using flow cytometry reflects the
inability to take up Alexa-CCL22 due to absence of these interac-
tions. We therefore harvested intact lungs and inflated them with
Alexa-CCL22 (in RPMI) intratracheally followed by incubation at

C� 2020 The Authors. European Journal of Immunology published by
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Figure 1. In vitro analysis of pulmonary ACKR2 expression. (a) (i) Flow cytometric analysis showing lack of expression of ACKR2 by CD45+ve
cells in lung digests as assessed by comparing Alexa-CCL22 uptake (X-axis) in WT and ACKR2−/− (KO) lungs. The Y-axis shows side scatter (SSC)
(n = 3 WT and 3 KO mice per experiment. The experiment was performed three times). (ii) Graph showing combined results of (i) for multiple
analyses of Alexa-CCL22 binding by CD45+ cells from the lung. There are no significant differences in the binding profiles of WT and ACKR2−/−

(KO) CD45+ cells. Error bars represent mean± SD. (b) Analysis of transcriptomic data generated from lung stromal populations showing low level
ACKR2 expression in fibroblasts but high-level expression in blood endothelial cells (analyzed using a bespoke bioinformatics pipeline available
through Glasgow Polyomics:www.polyomics.gla.ac.uk). These data were generated from resting lung stromal populations as well as from the same
populations retrieved from lungs at the indicated times (10 and 40 days) postinfluenza virus infection. (Data were generated and combined using
RNA from four separate lung cell harvests and the transctiptomic analyses performed once on these samples. Error bars represent mean ± SD.
(c) qPCR analysis of pulmonary ACKR2 expression from embryonic day E13.5 to adult 9-week-old mice. Data were normalized to expression of
the housekeeping gene Tata-binding protein. Statistical significance was tested using a one-way ANOVA test and ***p < 0.001. (Each time point
represents PCR data combined from four separate lung preps. PCR was performed on one occasion once all samples were obtained.) Error bars
represent mean ± SD. (d) Flow cytometric analysis of CD45-ve Alexa-CCL22 internalizing cells from WT and ACKR2−/− lungs. The X-axis shows the
Alexa-CXCL22 binding, while the Y-axis shows staining for the epithelial marker EpCAM. (n = 3 WT and 3 KO mice per experiment. The experiment
was performed three times.) (e) Quantification of the percentage of ACKR2+ve stromal cells detected using this Alexa-CCL22 in vitro labeling
approach. Data are combined from three experiments with n = 3 mice/group. Statistical significance was tested using Student’s T test and *p <

0.05. Error bars represent mean ± SD.

in the digested lung. However, and as shown in Fig. 1d, this
technology, which works well with leukocytes [35, 39, 40] and
mammary gland fibroblasts [30], revealed only a minor differ-
ence in the numbers of Alexa-CCL22 internalizing cells in WT
or ACKR2−/− lungs. These data are summarized numerically in
Fig. 1e.

Overall, therefore, these data indicate that ACKR2 is predom-
inantly expressed on stromal cells within the lung but that flow
cytometry utilizing fluorescent chemokine uptake with digested
lung tissue has limited sensitivity to detect the key stromal express-
ing cell types. Importantly, the Alexa-CCL22 was added to the
lung cells after digestion was completed and the cells washed.
There is therefore unlikely to be any contribution of proteolytic

degradation of the ligand to the weak binding results obtained in
these experiments.

Intratracheal fluorescent chemokine administration
detects key ACKR2-expressing stromal components

We reasoned that the function of stromal ACKR2 expression may
be dependent on interactions with other stromal components and
that the inability to detect it using flow cytometry reflects the
inability to take up Alexa-CCL22 due to absence of these interac-
tions. We therefore harvested intact lungs and inflated them with
Alexa-CCL22 (in RPMI) intratracheally followed by incubation at
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Figure 2. Detection of stromal ACKR2 expression by intratracheal administration of Alexa-CCL22. (a) Diagram indicating the basic methodology
that involves removing intact lungs and inflating them through the trachea using an RPMI/Alexa-CCL22 mix. The lung is then incubated at 37°C for
1 h, then digested and prepared for flow cytometry. (b) Flow cytometric analysis showing the presence of a significant Alexa-CCL22 internalizing
stromal component in the lung. The X-axis shows the Alexa-CXCL22 binding/internalization, while the Y-axis shows staining for the epithelial
marker EpCAM. (n = 3 WT and 3 KO mice per experiment. The experiment was performed three times.) (c) Quantification of the levels of stromal
ACKR2 detected in WT and ACKR2−/− (KO) lungs following intratracheal Alexa-CCL22 administration. Data are combined from three experiments
with n = 3 mice/group. Statistical significance was tested using Student’s T test and *p < 0.05. Error bars represent mean + SD. (d) Flow cytometric
analysis of the CD45-ve EpCAM-ve nonepithelial stromal component expressing ACKR2 on the basis of CD31 and Gp38 expression. Data shown
are from Alexa-CCL22 binding lung stromal cells from WT (left plot) and ACKR2−/− (KO; right plot) mice. (n = 3 WT and 3 KO mice per experiment.
The experiment was performed three times.) (e) Summary analysis of the percentage of CD45-ve stroma associated with each of the indicated
cell types following intratracheal administration of Alexa-CCL22. Data are combined from three experiments with n = 3 mice/group. Error bars
represent mean ± SD.

37°C for 1 h (Fig. 2a). Following this, flow cytometric analysis
of digested lungs focusing on CD45-ve cellular populations now
revealed a sizeable population of Alexa-CCL22 internalizing cells
in WT lungs, which are absent from ACKR2−/− lungs (Fig. 2b).
These cells are nonepithelial as they are negative for EpCAM
staining and these data are summarized numerically in Fig. 2c.
Further flow cytometric analysis indicated that these cells fall into
three basic categories as defined by CD31 and Gp38 expression
(Fig. 2d). These represent fibroblasts (R1; CD31−Gp38−), lym-
phatic endothelial cells (R2; CD31+Gp38+), and blood endothe-
lial cells (R3; CD31+Gp38−), which are enumerated as shown in
Fig. 2e.

Overall, these data demonstrate that it is possible to detect
stromal cell populations that bind and internalize Alexa-CCL22
via ACKR2 by introducing the chemokine intratracheally into the
intact lung. They also demonstrate novel stromal expression pat-
terns for ACKR2 within the lung.

A subpopulation of fibroblasts in the lung expresses
ACKR2

Cells identified in the R1 gate in Fig. 2d, which were negative for
markers of lymphatic and vascular endothelial cells, were further
phenotyped. Initially, these cells were isolated by cell sorting and
then grown in tissue culture. As shown in Fig. 3a, the cells display
a morphology suggestive of a fibroblastic phenotype. Flow cyto-
metric analysis revealed that these cells are negative for markers
of epithelial (CD166) and endothelial (CD49f) cells but positive
for the fibroblastic marker CD140a (Fig. 3b). The CD140a+ve
cells can be subdivided into three populations based on Sca-1
staining and SSC. Further Alexa-CCL22 binding assays revealed
that the dominant ACKR2-expressing population was Sca-1 high
and SSC lo/mid in phenotype (Fig. 3c). Figure 3d further shows
that sorted ACKR2+ fibroblastic cells were capable of binding
Alexa-CCL22 as indicated by the extensive fluorescence (arrows),
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Figure 3. Identification of a fibroblastic population as a component of the ACKR2-expressing stromal population. (a) Brightfield image of cells
sorted for internalization of fluorescently labeled Alexa-CCL22. These cells are negative for Gp38, CD45, and CD31 expression (n = 3). (Representative
image from three separate in vitro cultures.) Image captured at 63× magnification. Scale bar: 10 µm. (b) Flow cytometric analysis of the fibroblastic
population showing absence of expression of epithelial (CD166) and endothelial (CD49f) markers but positive expression of fibroblastic markers
(CD140a). (n = 3 mice per experiment. The experiment was performed three times.) (c) (i) Flow cytometry profile showing Sca-1 staining and SSC
for the CD140a+ fibroblast population. (ii) Flow cytometric analysis of Alexa-CCL22 binding by each of the 3 Sca-1+ve populations. (n = 3 WT and 3
KO mice per experiment. The experiment was performed three times.) (d) Fluorescent confocal image of ACKR2+ve fibroblastic cells binding and
internalizing Alexa-CCL22 (arrowed). (Representative image from three separate in vitro cultures). Image captured at 63× magnification. Scale bar:
10 µm.

confirming expression of functional ACKR2 (Fig. 3b). Given the
punctate nature of much of this staining, we propose that it is
largely intracellular in nature. Overall these data indicate that one
of the ACKR2-expressing stromal components in the lung detected
by intratracheal Alexa-CCL22 administration is a fibroblastic sub-
population characterized by CD140a and Sca-1 expression.

Intravenous fluorescent chemokine administration
detects further ACKR2-expressing stromal components

We have previously reported expression of ACKR2 in lymphatic
endothelial cells [31], however expression in blood endothelial
cells as shown in Fig. 2d and e has not been reported. In fact,
and as shown in Supporting Information Fig. 3, comparison of
transcriptomic data from a broad range of microvascular endothe-
lial types indicates that expression in blood endothelial cells is
peculiar to the lung. Given that we have reported polarization of
expression of ACKR2 in trophoblasts and lymphatic endothelial

cells [31, 34, 41], we wondered whether it may also be polarized
in blood endothelial cells. If this is the case, then it is possible that
the vascular facing aspect of endothelial cells may be more able to
internalize Alexa-CCL22 and thus the blood endothelial cell com-
ponent might be underestimated by the intratracheal administra-
tion of the chemokine. We therefore next injected Alexa-CCL22
intravenously (Fig. 4a) and then harvested the lung for flow
cytometric analysis of Alexa-CCL22 cellular interactions. Again,
this analysis revealed that Alexa-CCL22 was not bound by lung-
resident CD45+ cells (data not shown) but uptake was seen in
three populations of nonepithelial stromal cells in WT but not
ACKR2−/− lungs. These populations comprised fibroblasts, blood
endothelial cells, and lymphatic endothelial cells (Fig. 4b). How-
ever, and in contrast to intratracheal administration, intravenous
administration detected blood endothelial cells as being by far
the dominant ACKR2-expressing stromal population. Figure 4c
shows that intravenous administration highlights blood endothe-
lial cells as being the predominant stromal cell component in the
lung and comparing intratracheal administration with intravenous
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Figure 3. Identification of a fibroblastic population as a component of the ACKR2-expressing stromal population. (a) Brightfield image of cells
sorted for internalization of fluorescently labeled Alexa-CCL22. These cells are negative for Gp38, CD45, and CD31 expression (n = 3). (Representative
image from three separate in vitro cultures.) Image captured at 63× magnification. Scale bar: 10 µm. (b) Flow cytometric analysis of the fibroblastic
population showing absence of expression of epithelial (CD166) and endothelial (CD49f) markers but positive expression of fibroblastic markers
(CD140a). (n = 3 mice per experiment. The experiment was performed three times.) (c) (i) Flow cytometry profile showing Sca-1 staining and SSC
for the CD140a+ fibroblast population. (ii) Flow cytometric analysis of Alexa-CCL22 binding by each of the 3 Sca-1+ve populations. (n = 3 WT and 3
KO mice per experiment. The experiment was performed three times.) (d) Fluorescent confocal image of ACKR2+ve fibroblastic cells binding and
internalizing Alexa-CCL22 (arrowed). (Representative image from three separate in vitro cultures). Image captured at 63× magnification. Scale bar:
10 µm.

confirming expression of functional ACKR2 (Fig. 3b). Given the
punctate nature of much of this staining, we propose that it is
largely intracellular in nature. Overall these data indicate that one
of the ACKR2-expressing stromal components in the lung detected
by intratracheal Alexa-CCL22 administration is a fibroblastic sub-
population characterized by CD140a and Sca-1 expression.

Intravenous fluorescent chemokine administration
detects further ACKR2-expressing stromal components

We have previously reported expression of ACKR2 in lymphatic
endothelial cells [31], however expression in blood endothelial
cells as shown in Fig. 2d and e has not been reported. In fact,
and as shown in Supporting Information Fig. 3, comparison of
transcriptomic data from a broad range of microvascular endothe-
lial types indicates that expression in blood endothelial cells is
peculiar to the lung. Given that we have reported polarization of
expression of ACKR2 in trophoblasts and lymphatic endothelial

cells [31, 34, 41], we wondered whether it may also be polarized
in blood endothelial cells. If this is the case, then it is possible that
the vascular facing aspect of endothelial cells may be more able to
internalize Alexa-CCL22 and thus the blood endothelial cell com-
ponent might be underestimated by the intratracheal administra-
tion of the chemokine. We therefore next injected Alexa-CCL22
intravenously (Fig. 4a) and then harvested the lung for flow
cytometric analysis of Alexa-CCL22 cellular interactions. Again,
this analysis revealed that Alexa-CCL22 was not bound by lung-
resident CD45+ cells (data not shown) but uptake was seen in
three populations of nonepithelial stromal cells in WT but not
ACKR2−/− lungs. These populations comprised fibroblasts, blood
endothelial cells, and lymphatic endothelial cells (Fig. 4b). How-
ever, and in contrast to intratracheal administration, intravenous
administration detected blood endothelial cells as being by far
the dominant ACKR2-expressing stromal population. Figure 4c
shows that intravenous administration highlights blood endothe-
lial cells as being the predominant stromal cell component in the
lung and comparing intratracheal administration with intravenous
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Figure 4. Intravenous administration of Alexa-CCL22 reveals strong expression of ACKR2 on the luminal face of pulmonary vascular endothelial
cells. (a) Diagram indicating intravenous injection of Alexa-CCL22 into live mice. (b) Flow cytometric analysis of CD31 (X-axis) and Gp38 (Y-axis)
expression by CD45-ve EpCAM-ve stromal cells that internalize Alexa-CCL22 in ACKR2−/− (KO) and WT lungs. The identified populations are
indicated. (n = 3 WT and 3 KO mice per experiment. The experiment was performed three times.) (c) Quantification of the % of CD45-ve stromal
cellular populations internalizing Alexa-CCL22 following intravenous administration of Alexa-CCL22. Data are combined from three experiments
with n = 3 mice/group. Error bars represent mean ± SD. (d) Comparison of intratracheal and intravenous administration and the impact on the
relative size of the ACKR2+ stromal cell populations detected by flow cytometry. Fib., fibroblasts; LEC, lymphatic endothelial cells; BEC, blood
endothelial cells. Data are combined from three experiments with n = 5 mice/group. Error bars represent mean ± SD. (e) Flow cytometric analysis
of the CD31+ve, Alexa-CCL22 internalizing blood endothelial cells indicate that they are positive for expression of CD54 and negative for CD106
and thus are alveolar, rather than peribronchial, endothelial cells. Red: the gated CD31+ cells that have been antibody stained; blue, fluorescence
minus one (FMO) control. (n = 5 mice per experiment. The experiment was performed twice.)

administration (Fig. 4d) reveals the differences in cellular detec-
tion using these two approaches. As we have previously shown
expression of ACKR2 by lymphatic endothelial cells [31, 32], it
remained possible that what we have characterized as lung blood
endothelial cells are in fact lung lymphatic endothelial cells dis-
playing an altered CD31/Gp38 phenotype compared to other lym-
phatic endothelial cell populations. To formally test this, we exam-
ined lung lymphatic endothelial cell expression of CD31 and Gp38
using Prox-1 reporter mice. Prox-1 is a definitive marker and an
essential master regulator of lymphatic endothelial cells [42]. As
shown in Supporting Information Fig. 4, Prox-1+ve cells from
reporter mouse lungs were exclusively co-positive for CD31 and
Gp38, confirming the faithfulness of the lymphatic phenotype in
the lung. These data further confirm the blood endothelial nature
of the ACKR2+ve stromal cells.

In the lung, there are two major blood vascular beds: one asso-
ciated with bronchial tissues and one with alveolar tissues. These
can be discriminated on the basis of CD54 and CD31 expression
[43]. As shown in Fig. 4e, the Alexa-CCL22 internalizing blood
endothelial cell population is strongly co-positive for CD31 and
CD54, demonstrating that this population is associated with alve-
olar blood vessels and not peribronchial blood vessels.

In situ hybridization and antibody expression confirm
blood endothelial cell expression of ACKR2

To further validate ACKR2 expression by murine pulmonary vascu-
lar endothelial cells, we carried out in situ hybridization. As shown
in Fig. 5a, clear in situ hybridization signals were seen associated
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Figure 5. In situ and antibody detec-
tion of ACKR2 on pulmonary alveolar
blood endothelial cells in mouse and
human lung. (a) Representative in situ
hybridization showing positivity for
ACKR2 expression in alveolar endothe-
lial cells in murine lungs (arrow). (i)
WT lungs and (ii) ACKR2−/− lungs.
Note the absence of signal in alveolar
macrophages. Image captured at 10×
magnification. Scale bars: 200 µm. (n
= 3 mice per experiment. The exper-
iment was performed twice). (b) High
power image cropped from (i) show-
ing the peri-alveolar localization of
the vascular staining. This image has
been amplified 2× and the scale bar =
100 µm.

with alveolar endothelial cells in blood vessels surrounding the
alveolar air space in WT, but not ACKR2−/−, adult murine lungs.
A higher magnification image of a portion of Fig. 5a(i) is shown
in Fig. 5b, further highlighting the peri-alveolar localization of the
vascular staining. Therefore, in situ hybridization confirms blood
endothelial cell expression of ACKR2 in the murine lung.

Discussion

ACKRs are predominantly expressed on stromal cell types and
serve key functions in localizing and fine-tuning chemokine activi-
ties [15]. While a number of antibodies and reporter mouse-based
approaches are available for analysis of ACKR expression patterns,
in many cases these are limited and applicable only to mouse and
humans. Given that many of the ACKRs display strong evolution-
ary conservation, other more versatile approaches would therefore
represent a significant improvement in the methodological reper-
toire for ACKR expression analysis. Here, we demonstrate, using
the lung, that fluorescently labeled chemokines can be used, with
intact tissues, to precisely isolate and phenotypically define stro-
mal cell types expressing individual ACKRs. This is particularly
important when, as in the current analyses, removal of the cells
from their stromal environment impairs ACKR2 function and thus
frustrates this detection methodology. The ability to chemically
synthesize chemokines with relative ease and to introduce discrete
fluorescent markers at the carboxy terminus [40] means that this
approach has full versatility and is appropriate for all members of
the chemokine receptor family and all species expressing either
typical or ACKRs. Importantly, while we demonstrate the utility
of this approach using WT and KO mice, the use of appropriate
unlabeled competing chemokines specific for the receptor being
studied will allow this technology to be used under circumstances,
or in species, where KO models do not exist.

Here, we show that intratracheal, and intravenous, adminis-
tration of fluorescently labeled CCL22 is capable of identifying
stromal cell populations expressing ACKR2. Importantly, in the
context of vascular endothelial cell expression, intravenous admin-
istration has the advantage of detecting chemokine receptor
expression with a polarity favoring expression on the luminal
side of the endothelium. Together these approaches allowed us
to define fibroblasts, lymphatic endothelial cells, and surprisingly
alveolar blood endothelial cells as key sites of stromal ACKR2
expression in the lung. Notably, and in contrast to previous reports,
we did not detect ACKR2 activity on alveolar macrophages [44,
45]. This may be due to species differences in expression or alter-
natively may be a consequence of nonspecific antibody internal-
ization by the alveolar macrophages. Further analysis is required
to address this discrepancy.

In summary, therefore we report a methodology appropriate
for detecting ACKR expression in the lung, which we believe to be
sufficiently versatile to be useful to detect other atypical and typi-
cal chemokine receptors in numerous tissues in vivo in divergent
species. The data indicate for the first time the stromal expression
patterns of ACKR2 in the lung with notably high expression levels
on alveolar endothelial cells. These data will help interpret the
outcome of analysis of ACKR2 function in the lung, which remains
poorly defined.

Materials and Methods

Mice

Animal experiments were performed using cohoused mice in
ventilated cages in a barrier facility that conformed to the animal
care and welfare protocols approved by the University of Glasgow
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Figure 5. In situ and antibody detec-
tion of ACKR2 on pulmonary alveolar
blood endothelial cells in mouse and
human lung. (a) Representative in situ
hybridization showing positivity for
ACKR2 expression in alveolar endothe-
lial cells in murine lungs (arrow). (i)
WT lungs and (ii) ACKR2−/− lungs.
Note the absence of signal in alveolar
macrophages. Image captured at 10×
magnification. Scale bars: 200 µm. (n
= 3 mice per experiment. The exper-
iment was performed twice). (b) High
power image cropped from (i) show-
ing the peri-alveolar localization of
the vascular staining. This image has
been amplified 2× and the scale bar =
100 µm.

with alveolar endothelial cells in blood vessels surrounding the
alveolar air space in WT, but not ACKR2−/−, adult murine lungs.
A higher magnification image of a portion of Fig. 5a(i) is shown
in Fig. 5b, further highlighting the peri-alveolar localization of the
vascular staining. Therefore, in situ hybridization confirms blood
endothelial cell expression of ACKR2 in the murine lung.

Discussion

ACKRs are predominantly expressed on stromal cell types and
serve key functions in localizing and fine-tuning chemokine activi-
ties [15]. While a number of antibodies and reporter mouse-based
approaches are available for analysis of ACKR expression patterns,
in many cases these are limited and applicable only to mouse and
humans. Given that many of the ACKRs display strong evolution-
ary conservation, other more versatile approaches would therefore
represent a significant improvement in the methodological reper-
toire for ACKR expression analysis. Here, we demonstrate, using
the lung, that fluorescently labeled chemokines can be used, with
intact tissues, to precisely isolate and phenotypically define stro-
mal cell types expressing individual ACKRs. This is particularly
important when, as in the current analyses, removal of the cells
from their stromal environment impairs ACKR2 function and thus
frustrates this detection methodology. The ability to chemically
synthesize chemokines with relative ease and to introduce discrete
fluorescent markers at the carboxy terminus [40] means that this
approach has full versatility and is appropriate for all members of
the chemokine receptor family and all species expressing either
typical or ACKRs. Importantly, while we demonstrate the utility
of this approach using WT and KO mice, the use of appropriate
unlabeled competing chemokines specific for the receptor being
studied will allow this technology to be used under circumstances,
or in species, where KO models do not exist.

Here, we show that intratracheal, and intravenous, adminis-
tration of fluorescently labeled CCL22 is capable of identifying
stromal cell populations expressing ACKR2. Importantly, in the
context of vascular endothelial cell expression, intravenous admin-
istration has the advantage of detecting chemokine receptor
expression with a polarity favoring expression on the luminal
side of the endothelium. Together these approaches allowed us
to define fibroblasts, lymphatic endothelial cells, and surprisingly
alveolar blood endothelial cells as key sites of stromal ACKR2
expression in the lung. Notably, and in contrast to previous reports,
we did not detect ACKR2 activity on alveolar macrophages [44,
45]. This may be due to species differences in expression or alter-
natively may be a consequence of nonspecific antibody internal-
ization by the alveolar macrophages. Further analysis is required
to address this discrepancy.

In summary, therefore we report a methodology appropriate
for detecting ACKR expression in the lung, which we believe to be
sufficiently versatile to be useful to detect other atypical and typi-
cal chemokine receptors in numerous tissues in vivo in divergent
species. The data indicate for the first time the stromal expression
patterns of ACKR2 in the lung with notably high expression levels
on alveolar endothelial cells. These data will help interpret the
outcome of analysis of ACKR2 function in the lung, which remains
poorly defined.

Materials and Methods

Mice

Animal experiments were performed using cohoused mice in
ventilated cages in a barrier facility that conformed to the animal
care and welfare protocols approved by the University of Glasgow
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Intratracheal and intravenous chemokine
administration

To administer fluorescent chemokine intratracheally, mice were
euthanized using an appropriate schedule 1 method or CO2 expo-
sure. The mice were then carefully dissected to remove the ribcage
and expose the intact lungs and trachea in situ. Using a pair
of surgical scissors, a small incision was made at the top of the
exposed trachea toward the base of the jaw. A 2 µg/mL solution
of Alexa 647TM labeled CCL22 (Almac; Alexa-CCL22) dissolved in
RPMI/25mM HEPES was prepared in a polypropolene tube and
preserved from light at room temperature until needed. Once the
dissection was complete, a syringe with a 19G needle and loaded
with 400 µL of the Alexa-CCL22 solution was then inserted into the
exposed trachea via the incision. The needle should be tight within
the trachea and care should be taken not to pierce the trachea
further down. The lungs were then inflated with the chemokine
solution and the trachea carefully tied off with surgical thread
to prevent the leakage of chemokine solution as the syringe is
removed. The intact inflated lungs were then removed and placed
into a falcon tube containing enough RPMI to cover the intact
inflated lungs. The lungs were then incubated in a water bath for
1 h at 37°C. Following this time, the lungs were removed from
the water bath and the surgical thread cut to allow draining of the
remaining chemokine solution. The lungs were then digested for
a single cell suspension as per the protocol.

Flow cytometry

All flow cytometry analyses adhered to published guidelines for
use of flow cytometry and cell sorting in immunological studies
[46]. Lungs were removed and finely chopped with scissors,
then incubated in digestion mix (1.6 mg/mL Dispase [Roche],
0.2 mg/mL Collagenase P [Roche], and 0.1 mg/mL DNase I
[Invitrogen]) in HBSS on a gentle shake at 37°C for 40 min. Lungs
were passed through a 40 µm mesh (Greiner Bio-One), RBCs were
lysed in 1 mL RBC lysis buffer (eBioscience) for 1 min, and then
in 10 mL FACs buffer (PBS, 1% FCS, 0.02% sodium azide, 5 mM
EDTA) to quench the reaction. The resulting single cell suspension
was preincubated with Fc block (BD Biosciences) in FACS buffer
(PBS, 1% FCS, and 5 mM EDTA) and labeled with fluorescent
anti-mouse Abs, including CD45 (30-F11), Gp38 (8.1.1), CD140a
(APA5), EpCAM-1 (G8.8), CD31 (390), and CD49f (GoH3),
each labeled with various fluorochromes (Biolegend) CD166
(eBioALC48) (Ebioscience). Dead cells were labeled using Fixable
viability dye efluor 506 or efluor 780 (ebioscience). Cells were
stained for 20 min on ice before washing with FACS buffer. Cells
were either analyzed by flow cytometry immediately or fixed for
20 min with 2% methanol-free paraformaldehyde (Invitrogen)
before washing and placing at 4°C in the dark until ready to be
analyzed typically 12–24 h later. Cells were analyzed using LSR2
flow cytometers (Beckton Dickinson) or sorted on a FACSAria.
Data were analyzed using FlowJo Version 9.2 software (TreeStar)
with populations defined by size, viability, and “fluorescence

C�

under the revised Animal (Scientific Procedures) Act 1986 and 
the European Union Directive 2010/63/EU. Ackr2-deficient 
mice21 were bred in-house (C57BL/6 background); wild-type 
(WT) C57BL6/J mice were from Charles River Research Models 
and Services. Prox-1 reporter mice were obtained from Jackson 
laboratories. All experimental mice were sex and age matched.

qPCR

RNA was extracted using RNeasy columns with DNase treat-
ment (Qiagen), and the amount of RNA was quantified on a 
Nanodrop 1000 Spectrophotometer (Thermo Fisher Scientific). 
cDNA was synthesized using High-capacity RNA-to-cDNA kit 
by Applied Biosystems (Thermofisher). For all qPCRs, a final 
concentration of 0.2 mM primers was used for each PCR set 
up using PerfeCTa SYBR Green FastMix and ROX qPCR Master 
Mix (Quanta BioSciences). qPCRs were performed on a Prism 
7900HT Fast Real-Time PCR System (Applied Biosystems). The 
thermal cycles for qPCR of TBP and ACKR2 were 95˚C (3 min) 
for one cycle and 95˚C (3 s) and 60˚C (30 s) for 40 cycles. 
Relative expression was calculated using serial dilutions of 
cDNA standards. Primer sequences designed for qPCR and for 
producing cDNA standards were designed using Primer3 software 
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). 
The following primers were used: mouse ACKR2, 5�-
TTCTCCCACTGCTGCTTCAC-3�, 5�-TGCCATCTCAACATCACAGA-
3�; mouse TBP primer: 5�- AAGGGAGAATCATGGACCAG-3�, 5�-
CCGTAAGGCATCATTGGACT-3�.

In situ hybridization

Mice were culled using increasing concentration of CO2. Lungs  
were placed in 10% neutral buffered formalin at room tempera-
ture for 24–36 h before they were processed by dehydration using 
rising concentrations of ethanol, xylene stabilization, and paraf-
fin embedding (Shandon citadel 1000; Thermo Shandon). Tissue 
was then sectioned onto Superfrost plus slides (VWR) at 6 µm 
using a Microtome (Shandon Finesse 325 Microtome; Thermo). 
All slides for analysis were processed together. Slides were baked 
at 60°C for 1 h before pretreatment. Slides were deparaffinized 
with xylene (5 min × 2) and dehydrated with ethanol (1 min 
× 2). In situ hybridization was performed using the RNAscope 
2.5 HD Reagent Kit-RED from Advanced Cell Diagnostics (cat. 
no. 322350) and according to the manufacturer’s instructions. 
Briefly, tissues were incubated with hydrogen peroxide for 10 min 
at RT. The slides were boiled in antigen retrieval buffer for 15 min. 
Slides were treated with “protease plus” for 30 min at 40°C. Slides 
were then hybridized using the RNAScope 2.5 Red Manual Assay 
(Advanced cell diagnostics) according to manufacturer’s instruc-
tions using the Mm-ACKR2 probe (NM 021609.4). Slides were 
mounted in DPX (Sigma Aldrich) and imaged on an EVOS M7000 
microscope (Thermofisher).
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minus one” isotype controls. Gating strategies are shown in
Supporting Information Fig. 5.

Immunofluorescence

Alexa-CCL22 labeled ACKR2+ fibroblasts were flow-sorted from a
single cell suspension using the ARIAII (Beckman and Dickinson)
as per the flow protocol. ACKR2+ fibroblasts were resuspended
in PBS at a density of 2000 cells/mL. Note that 100 µL of this
cell suspension was loaded into a cytospin 3 machine (Thermo-
Shandon) and the cells were spun for 5 min at 200 rpm onto
SuperfrostTM plus slides. The cells were air dried in the dark and
mounted in Vectashield Hard set mounting medium (Vector Lab-
oratories). The cells were visualized using a Zeiss Spinning Disc
confocal microscope.

Fibroblast culture and analyses

Primary ACKR2 positive fibroblasts were flow-sorted from a sin-
gle cell suspension using the ARIAII (Beckman and Dickinson) as
per the flow protocol. Retrieved cells were spun down at 400g for
5 min and washed three times into EMEM with 15% FBS, 1× peni-
cillin/streptomycin, nonessential amino acids, and sodium pyru-
vate. The cells were plated at a density of approximately 5 × 103

cells per well of a 24-well plate (Gibco). Fibroblasts were cultured
as standard in an incubator at 37°C, 5% CO2.

Statistics

Statistical tests were carried out using Graph Pad Prism software
and the individual tests used are indicated in the relevant figure
legends. P = 0.05 was taken as a cut-off for statistical significance.
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Immunofluorescence

Alexa-CCL22 labeled ACKR2+ fibroblasts were flow-sorted from a
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Shandon) and the cells were spun for 5 min at 200 rpm onto
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Primary ACKR2 positive fibroblasts were flow-sorted from a sin-
gle cell suspension using the ARIAII (Beckman and Dickinson) as
per the flow protocol. Retrieved cells were spun down at 400g for
5 min and washed three times into EMEM with 15% FBS, 1× peni-
cillin/streptomycin, nonessential amino acids, and sodium pyru-
vate. The cells were plated at a density of approximately 5 × 103

cells per well of a 24-well plate (Gibco). Fibroblasts were cultured
as standard in an incubator at 37°C, 5% CO2.

Statistics
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Abstract

MatriDerm is a collagen-elastin dermal template that promotes regeneration in full-

thickness wound repair. Due to its noncross-linked status, MatriDerm biodegrades

quickly in a wound. Facilitating vascularization and dermal repair, it is desirable for

MatriDerm to remain present until the wound healing process is complete, optimizing

tissue regeneration and reducing wound contraction. The aim of this study was to

investigate the effect of cross-linking MatriDerm on its mechanical and biological

properties and to enhance its regenerative functionality. MatriDerm was chemically

cross-linked and characterized in comparison with noncross-linked MatriDerm. Scaf-

fold properties including surface morphology, protein release and mechanical

strength were assessed. Cell-scaffold interaction, cell proliferation and migration

were examined using human dermal fibroblasts. Scaffold biodegradation and its

impact on wound healing and contraction were studied in a mouse model. Results

showed that cross-linked MatriDerm displayed a small reduction in pore size, signifi-

cantly less protein loss and a threefold increase in tensile strength. A significant

increase in fibroblast proliferation and migration was observed in cross-linked

MatriDerm with reduced scaffold contraction in vitro. In the mouse model, noncross-

linked MatriDerm was almost completely biodegraded after 14 days whereas cross-

linked MatriDerm remained intact. No significant difference in wound contraction

was found between scaffolds. In conclusion, cross-linked MatriDerm showed a

significant increase in stability and strength, enhancing its durability and cell-scaffold

interaction. in vivo analysis showed cross-linked MatriDerm had a reduced biodegra-

dation rate with a similar host response. The extended structural integrity of cross-

linked MatriDerm could potentially facilitate improved skin tissue regeneration,

promoting the formation of a more pliable scar.

K E YWORD S

collagen-elastin scaffold, cross-linking, degradation, human dermal fibroblasts, mouse model,

skin regeneration

1 | INTRODUCTION

Full-thickness skin defects from burns or trauma are traditionally

treated by skin grafting, in the majority of cases with an autologous

split thickness skin graft. These autologous split thickness skin grafts

are harvested from the patient at the junction of the papillary dermis

and thereby only include a small amount of dermal elements. The

majority of the dermal elements remains in the donor site and ensures
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wound closure of the donor site similar to the healing of a graze wound.

The dermal elements within the split thickness skin graft ensure integra-

tion of the graft into a well vascularized wound bed, closing the full-

thickness defect. However, due to the lack of a fully intact dermis provid-

ing mechanical support for skin regeneration within the slip thickness skin

graft, significant scarring is a common outcome (Varkey, Ding, &

Tredget, 2015), Scarring is not only associated with aesthetic issues, in

specific anatomical areas, particularly over joint flexor surfaces, significant

scarring can cause contractures (Harrison & MacNeil, 2008) and severe

functional disabilities (Schneider, Holavanahalli, Helm, Goldstein, &

Kowalske, 2006; van Baar et al., 2006). In many burn victims, scarring

becomes an enduring life-long debilitating consequence of their injuries

(Holavanahalli, Helm, & Kowalske, 2010).

In 1980, Integra, the first artificial collagen dermal template chem-

ically cross-linked with glutaraldehyde was introduced to address der-

mal replacement and subsequently scarring (Burke, Yannas, Quinby,

Bondoc, & Jung, 1981; Dagalakis, Flink, Stasikelis, Burke, &

Yannas, 1980; Yannas and Burke, 1980; Yannas, Burke, Gordon,

Huang, & Rubenstein, 1980). The introduction of dermal regeneration

by bioengineered soft tissue reconstruction changed the field of

reconstructive surgery. Throughout the following decades, dermal

substitutes have been developed to replace the damaged dermis and

to provide scaffolding structures for cell attachment, ingrowth, and

angiogenesis to generate a neodermis. Dermal substitutes are now

available as a variety of porous structures with components including

biological proteins and synthetic polymers (Chua et al., 2016; Nyame,

Chiang, Leavitt, Ozambela, & Orgill, 2015; Shevchenko et al., 2010;

Wang et al. 2018.). With a variety of production techniques available,

cross-linking treatment of protein-based dermal scaffolds is one of

many procedures to stabilize the proteins, increasing its durability

in vivo and time to allow for cell infiltration and tissue regeneration

(Reddy, Reddy, & Jiang, 2015).

MatriDerm, a bovine collagen-elastin matrix, is a commercially

available dermal substitute for dermal regeneration. MatriDerm is a

noncross-linked porous scaffold that has proven to be an effective

dermal substitute (Bloemen, van Leeuwen, van Vucht, van Zuijlen, &

Middelkoop, 2010; Hur, Seo, & Lee, 2014; Lamme et al., 1996). It is

the only available dermal template that has elastin incorporated into

the scaffold. As the human native dermal extracellular matrix is com-

posed of 2–4% elastin (dry weight), providing an essential structural

and mechanical role (Jelena Rnjak-Kovacina, 2013), the addition of

elastin in similar proportions in a dermal regenerative template allows

the template to resemble the natural extracellular matrix more closely.

However, due to the noncross-linked status of MatriDerm, the scaf-

fold has been demonstrated to biodegrade relatively quickly in vivo. In

a study comparing five commercially available dermal substitutes in a

porcine model, MatriDerm was noted to biodegrade faster compared

with Integra, having fragmented and lost its structure on Day

21 whereas Integra was still fully intact (Philandrianos et al., 2012). In

the design of a dermal template, stability and biodegradation are

essential properties to fulfil the function as temporary replacements

of the extracellular matrix. Ideally, a dermal template contains its

three-dimensional, intact structure until the proliferative phase of the

wound healing process is complete (van der Veen, van der Wal, van

Leeuwen, Ulrich, & Middelkoop, 2010). In humans, the proliferative

phase to rebuild the extracellular matrix usually lasts 3 weeks. If the

scaffold structures are of poor mechanical strength, it will biodegrade

quicker, depriving the wound healing process of the necessary struc-

tural support too early and potentially affecting tissue regeneration

(Druecke et al., 2004). By increasing mechanical strength and thereby

decreasing the rate of biodegradation over time, the extended pres-

ence of a more natural supporting scaffold could enhance dermal

regeneration and subsequently improve wound healing, wound con-

traction, and scarring. Further research is required to optimize the

structure of dermal substitutes to improve their efficacy in both scar

tissue formation and its application in skin tissue engineering. This

study is designed to investigate if the in vitro and in vivo performance

of MatriDerm as a bioscaffold could be further improved by cross-

linking to enhance its bio-stability and extend cell-scaffold interaction

for neodermal development.

2 | MATERIALS AND METHOD

2.1 | MatriDerm

MatriDerm (MedSkin Solutions Dr. Suwelack AG, Germany) is a

porous dermal regenerative template made of native bovine collagen

Types I, III, and V and 3% alpha-elastin hydrolysate from bovine

nuchal ligament. It is sterilized through gamma-radiation and stored at

room temperature. It is available in various sizes with a thickness of

either 1 or 2 mm. For all in vitro and in vivo analysis in this study,

1-mm thick MatriDerm samples with a surface area of either 1 or

0.5 cm2 were prepared using a scalpel blade (No. 22, Swann-Morton,

England) or an 8-mm biopsy punch (Kai Medical, Japan), respectively.

2.2 | Cross-linking MatriDerm

Chemical cross-linking with glutaraldehyde (Sigma Aldrich, United

States) is a well-developed technique to increase protein stability and

has been reported safe to use in low concentrations (<8%; Reddy

et al., 2015). It has been used to cross-link Integra since 1980s, which

is still widely used in clinical practice. MatriDerm samples were cross-

linked by glutaraldehyde 2.5% (v/v) vapour treatment in a glass desic-

cator over a period of 24 h at room temperature (humidity of <60%).

The cross-linking process was ceased by treating the samples with

0.2 M glycine (Ajax Finechem, ThermoFisher Scientific, United States)

in reverse osmosis water. The samples were then sterilized using 80%

ethanol (v/v; Sigma Aldrich, United States) for 3 h and washed six

times in sterile phosphate-buffered saline (PBS; ThermoFisher Scien-

tific, United States) to remove residual glutaraldehyde. In order to dry

the scaffolds, samples were removed from the PBS wash and placed

on filter paper to soak up any residual PBS. All cross-linked and

noncross-linked samples were stored dry and sterile at 4�C prior to

further assessments.
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2.3 | Characterization of cross-linked and noncross-
linked MatriDerm

2.3.1 | Uniaxial tensile tests

Uniaxial elongation tensile tests were performed in an unconfined

state using an Instron (Model 5543, United States) with a 10-N bio-

logical load cell, according to previously described testing procedures

(Annabi et al. 2011; Fathi et al., 2013; Wang et al., 2015). Samples

were soaked in PBS for 2 h at 37�C prior to mechanical testing (n = 3

per group). For both cross-linked and noncross-linked samples,

the height, thickness, and width was recorded at 26.87 ± 3.55,

0.99 ± 0.10, and 9.84 ± 0.67 mm, respectively. For the uniaxial tensile

tests, the samples were subjected to a loading and unloading cycle at

37�C; the load (N) was applied at a cross speed of 0.05 mm/min. The

Young's modulus was obtained from the slope of the stress–strain

curve generated over the linear portion of the strain range after the

initial toe region. A determination of the ultimate tensile strength was

not practical due to the inherent friability of the constructs, which

included failure at the grips.

2.3.2 | Stability

Samples (0.5 cm2) of cross-linked or non-cross-linked MatriDerm were

placed in 500 μl of PBS and placed on a shaker for gentle circulation

(60 rpm) of PBS around the samples in a consistent environment of

37�C over 35 days (n = 3 per group). PBS was collected every 2 days

and replaced with fresh PBS. The protein concentration in PBS was

determined by bicinchoninic acid assay (Pierce BCA assay, Thermo-

Fisher Scientific, United States) and compared with a calibration

curve established using a series dilution of bovine serum albumin

(ThermoFisher Scientific, United States) in PBS. The protein released

was subsequently calculated as % w/w and used to assess the influ-

ence of cross-linking on protein biodegradation.

2.3.3 | Surface morphology

Surface morphology of noncross-linked or cross-linked MatriDerm

was examined using a scanning electron microscope (SEM; JEOL JSM-

6380, JEOL Ltd., Tokyo, Japan; n = 2 per group). Dry, sterile speci-

mens were mounted on aluminum sample stubs and sputter coated

with platinum using an auto coater (JFC-1600 Auto Fine Coater, JEOL

Ltd., Tokyo, Japan) prior to examination in the SEM at a voltage of

15 kV.

2.3.4 | Quantification of pore size and porosity

Average pore size was determined by measuring 30 randomized pores

on SEM images of cross-linked and noncross-linked MatriDerm using

a Java-based image processing program (ImageJ, Laboratory for

Optical and Computational Instrumentation, United States; n = 3 per

group). Pore size was measured by two independent observers. To

determine porosity, samples of cross-linked and noncross-linked were

fixed in 10% formalin (Sigma Aldrich, United States) for 24 h prior to

tissue processing and embedded in paraffin blocks (n = 3 per group).

Sections of 5 μm were stained using haemotoxylin and eosin (H&E;

Biostain, Australia and VWR, Australia). Stained sections of noncross-

linked and cross-linked MatriDerm were imaged using a microscope

cell imaging system (EVOS M7000 Cell Imaging System, ThemoFisher

Scientific, United States) at a magnification of ×20, and black and

white binary conversion was generated using ImageJ. The porosity

was calculated using ImageJ and defined as percentage of interfibre

space relative to the total scaffold area measured.

2.4 | In vitro analysis of human dermal fibroblast
interaction with cross-linked and noncross-linked
MatriDerm

2.4.1 | Cell proliferation and distribution

In vitro analysis was conducted with primary human dermal fibroblasts

cultured in Dulbecco modified eagle medium (DMEM), supplemented

with 10% (v/v) foetal bovine serum, 2-mM L-glutamine and 100 U

penicillin-0.1 mg streptomycin-0.2 mg neomycin/mL at 37�C, and 5%

CO2 (Sigma Aldrich, United States). The fibroblasts (at Passage 4) were

harvested and seeded onto either cross-linked and noncross-linked

MatriDerm samples at a density of 100,000 cells/cm2 (n = 3 per

group, per time point). Cell-seeded scaffolds were incubated at 37�C

and 5% CO2 under steady-state conditions and were collected on

Days 1 and 14 postseeding. All cell-seeded scaffolds were fixed in

10% (v/v) neutrally buffered formalin for 24 h and subsequently

dehydrated through a series of ethanol and xylene (Point of Care

Diagnostics, Australia) concentrations. The cell-seeded scaffolds were

soaked in paraffin and then embedded in paraffin blocks for histology.

Sections at a thickness of 5 μm were collected every 200 μm to quan-

tify cell population throughout each cross-section and determine cell

distribution evenly throughout the entire sample. Samples were sta-

ined with Masson's Trichrome (Acros Organics, ThermoFisher Scien-

tific, United States) staining, and cell numbers in each collected

section were counted manually using a light microscope by two inde-

pendent researchers. Cell proliferation and cell distribution through-

out the samples at Days 1 and 14 were compared between cross-

linked and noncross-linked MatriDerm.

2.4.2 | SEM analysis of human dermal fibroblast-
seeded scaffolds

Cell morphology of human dermal fibroblasts seeded on cross-linked

and noncross-linked MatriDerm was examined using an SEM. Cell-

seeded scaffolds were removed from the culture plates at Days 1 and

14 post cell seeding (n = 3 per group, per time point). After rinsing
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three times with PBS, cell-seeded templates were primarily fixed with

2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer for 2 h. Sam-

ples were rinsed with cacodylate buffer before the secondary fixation

with 2% osmium tetroxide for 2 h. The fixed cell-seeded scaffolds

were washed with sodium cacodylate buffer (Sigma Aldirch, United

States) and dehydrated in a series of ethanol dilutions from 50–95%

(v/v) and completing the process with 100% molecular-sieved ethanol

(Sigma Aldrich, United States). Samples were rinsed two to three times

for 2 min in each solution. The specimens were air-dried, mounted on

aluminum sample stubs, and sputter coated with platinum prior to

examination in the SEM at a voltage of 15 kV.

2.4.3 | Contraction of human dermal fibroblast-
seeded and nonseeded scaffolds

Prior to cell proliferation and morphological analysis, each cell-seeded

scaffold was measured in their cell culture well to monitor cell-

induced contraction at Dayw 1 and 14 postseeding (n = 4 per group,

per time point). Images were taken of the scaffolds in their respective

culture plates, and the diameter of each scaffold was measured using

ImageJ in reference to the diameter of the culture well. Calculation

was conducted based on the measurements collected by two inde-

pendent researchers.

2.5 | In vivo analysis of cross-linked and noncross-
linked MatriDerm in a murine model

2.5.1 | Murine model

Pathogen-free, male Balb/c mice, aged 12 weeks, and weighing an

average of 23.5 ± 0.7 g were used for this study (n = 3 per group, per

time point). All animals were housed in standard approved cages with

free access to food and water, in the Molecular Physiology Unit of the

ANZAC Research Institute. The environment was closely controlled at

24–26�C and 44–46% humidity under a 12:12 h light dark cycle

with lights on at 6 am. All protocols for this study were approved by

the Sydney Local Health District Welfare Committee (Protocol

No. 2013/019) under the National Health and Medical Research

Council guidelines for animal experimentation. A two-wound model

was used for this study. Each mouse was anaesthetized individually

via intraperitoneal injection of a mixture of ketamine (50 mg/ml) and

xylazine (50 mg/ml; Troy Laboratories, Australia) at 0.01 ml/g of body

weight. On each mouse, the dorsal area was shaved, and two adjacent

but identical full-thickness skin excisions of 1 cm2 were created surgi-

cally. The wounds were covered with either noncross-linked or cross-

linked MatriDerm templates followed by full-thickness skin grafts

from the opposite site superimposed onto the template, creating an

autograft. Both grafts were sutured in place with 5-0 silk (Perma-

Hand Silk, Ethicon, Johnson & Johnson, United States), dressed with

Atrauman (Hartmann, Australia), IV 3000 (Smith & Nephew, United

Kingdom), and an elasticated circular dressing to protect the dressing

and skin graft. Carprofen (5 mg/kg; Rimadyl, Australia) was given at

the time of anaesthesia and then on the following 2 days postopera-

tively for analgaesia. After surgery, each mouse was caged individually

for the first 3 days and then two mice per cage thereafter with free

access to water and food. Skin graft take was macroscopically

observed and contraction was quantified by measuring wound size

with VISITRAK™ Digital Portable Device (Smith & Nephew, United

Kingdom) on Days 0, 3, 5, 7, 10, 14, 21, and 28 using a wound grid.

Wound size was then measured using VISITRAK digital system by two

independent researchers.

2.5.2 | Histology

Skin biopsies were collected on Day 7, 14, and 28 post procedure.

Biopsies were fixed in 10% (v/v) formalin, embedded in paraffin and

sectioned at 5-μm thickness. Cross-sections were deparaffinized in

xylene, dehydrated in a series of ethanol, and stained with H&E. Sam-

ples were examined under a bright-field light microscope (Olympus

BX60, Olympus, PA, United States). Microscopic skin graft take

(acceptance of graft to the wound bed and subsequently viability of

the graft), scaffold degradation, cell infiltration, and blood vessel for-

mation were assessed by two independent researchers. Images of the

samples were taken using a microscope cell imaging system.

2.6 | Statistics

Data are expressed as mean ± standard deviation. Using IBM SPSS

software (IBM, United States), the statistical significance was evalu-

ated with either t test for two groups or analysis of variance (ANOVA)

for groups greater than two, with p value of <.05 being defined as sta-

tistically significant.

3 | RESULTS

3.1 | Characterization of cross-linked and noncross-
linked MatriDerm

3.1.1 | Uniaxial tensile test results

Cross-linked MatriDerm was noted to be a macroscopically firmer,

spongy scaffold when moistened compared with its more fragile

noncross-linked counterpart. The tensile modulus of the noncross-

linked and cross-linked constructs was obtained from the slope of the

stress–strain curve generated over the linear portion of the strain

range after the initial toe region. The findings from the mechanical

analysis of the scaffolds showed that the cross-linking of the con-

structs resulted in a significant threefold increase in tensile modulus.

A minor effect on energy loss was noted in cross-linked MatriDerm,

when the strain level reached above 15%; however, no cracks or tor-

sions were observed in the samples. Tensile modulus was measured at

MAITZ ET AL.

30



an average of 268.8 ± 27.9 kPa for cross-linked MatriDerm compared

with 98.1 ± 12.6 kPa for noncross-linked MatriDerm (Figure 1a).

3.1.2 | Scaffold stability results

Scaffold stability testing was assessed based on protein release from

the scaffolds into PBS at 37�C. A significantly higher release rate of

protein from noncross-linked MatriDerm was found compared with

cross-linked MatriDerm over a period of 35 days (Figure 1b). Initially,

a protein burst release was observed on Day 1 for both noncross-

linked and cross-linked scaffolds. However, noncross-linked

MatriDerm released approximately 165.1 ± 11.2 μg of protein on Day

1, which is significantly higher than the cross-linked MatriDerm that

only released 33.8 ± 2.4 μg on the same day. Subsequently, both scaf-

folds developed a plateau cumulative release of protein. Noncross-

linked MatriDerm reached a plateau on Day 11, earlier than cross-

linked MatriDerm. On Day 17, both scaffolds had reached their pla-

teau with noncross-linked MatriDerm releasing protein at a rate of

9–11 μg/day and cross-linked MatriDerm releasing protein at a rate

of 2–3 μg/day. In total, the protein released from noncross-linked

MatriDerm was measured up to 407.3 μg after 35 days but only

107.4 μg for cross-linked MatriDerm. This result confirmed that a

cross-linked MatriDerm scaffold is more stable, with reduced protein

release suggesting a potentially slower biodegradation rate.

3.1.3 | Pore size, porosity, and morphology results

Cross-linked MatriDerm displayed a small but significant decrease in

pore size and porosity compared with non-cross-linked MatriDerm.

Pore size was visibly reduced under electron microscopy, forming

condense and compressed fibres with a thicker width compared with

those of non-cross-linked MatriDerm (Figure 2a). Pore size was found

to be reduced by approximately 1.5 μm in cross-linked MatriDerm

compared with noncross-linked MatriDerm. Average pore size of

noncross-linked MatriDerm was measured at 26.5 ± 4.0 μm and of

cross-linked MatriDerm at 25.0 ± 4.8 μm (Figure 2b). Porosity was

also found to be significantly decreased in cross-linked MatriDerm,

resulting in a 13.94% reduction in the porosity of cross-linked com-

pared with noncross-linked MatriDerm (Figure 2c). Less pores and

visibly thicker structured fibres of collagen and elastin were noted in

the cross-sections of cross-linked MatriDerm (Figure 2d).

3.2 | In vitro analysis of cell-scaffold interaction

3.2.1 | Scaffold contraction

During the initial stages of seeding cross-linked and noncross-linked

MatriDerm with human dermal fibroblasts, macroscopic contraction

of the scaffold was observed over 14 days (Figure 3a). Noncross-

linked MatriDerm decreased by 2.12 ± 0.13 mm in diameter, and

cross-linked MatriDerm displayed a milder contraction of

1.19 ± 0.30 mm on Day 1 (Figure 3b). Noncross-linked MatriDerm

was reduced by another 0.93 mm by Day 14, reducing its size to

4.95 ± 0.15 mm in diameter: a total 38% contraction compared with

its original size. In contrast, cross-linked MatriDerm displayed minimal

contraction, only reducing by another 0.15 mm in 14 days, resulting in

a diameter of 6.66 ± 0.38 mm, with a total 17% contraction compared

with its original size. Cross-linked MatriDerm was measured signifi-

cantly larger (1.71 mm more in diameter on Day 14) compared with

noncross-linked MatriDerm. Scaffold diameter was also compared

between noncross-linked MatriDerm samples with and without cell

seeding and cross-linked MatriDerm samples with and without cell

seeding to determine whether scaffold contraction could be attributed

to the human fibroblasts causing the contraction or the scaffold itself.

No significant difference was found in the size between cell-seeded

and noncell-seeded scaffolds within each scaffold group. Noncross-

linked MatriDerm showed diameters of 4.95 ± 0.15 mm with cells and

4.91 ± 0.30 mm without cells, whereas cross-linked MatriDerm

showed diameters of 6.66 ± 0.38 mm with cells and 6.63 ± 0.21 mm

without cells by Day 14 (Figure 3c,d).

3.2.2 | Cell proliferation

Dermal fibroblast interaction with cross-linked and noncross-linked

MatriDerm was examined, showing no evidence of cytotoxic effects

of glutaraldehyde cross-linked MatriDerm on cultured fibroblasts and

displaying significant differences in cell proliferation. On Day 1, cell

number was found similar between cross-linked (50,745.7 ± 5,383

F IGURE 1 (a) Tensile modulus for
noncross-linked and cross-linked

MatriDerm, p value = .012E-1.
(b) Accumulated protein release from
cross-linked and noncross-linked
MatriDerm over 35 days, p
value = .031E-3. Error bars not visible
due to small variation [Colour figure can
be viewed at wileyonlinelibrary.com]
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fibroblasts) and noncross-linked MatriDerm (52,179.3 ± 4,706 fibro-

blasts). After 14 days, dermal fibroblasts proliferating on cross-linked

MatriDerm doubled in number (102,802.3 ± 15,797 fibroblasts), dis-

playing a significant growth of 103% compared with Day 1. Dermal

fibroblasts seeded onto noncross-linked MatriDerm only showed

growth of 17% in 14 days (60,927.0 ± 4,005 fibroblasts). Significantly

more cells were identified on cross-linked MatriDerm compared with

noncross-linked MatriDerm (Figure 4a).

F IGURE 2 (a) Scanning
electron microscopy images of
noncross-linked and cross-linked
MatriDerm, scale bar = 100 μm.
(b) Average pore size of
noncross-linked and cross-linked
MatriDerm, p value = .024.
(c) Porosity of noncross-linked
MatriDerm compared with cross-

linked MatriDerm, p
value = .012E-13. D Transverse
sections of H&E fixed noncross-
linked and cross-linked
MatriDerm prior to binary
conversion, scale bar = 200 μm of
and 100 μm in higher resolution
[Colour figure can be viewed at
wileyonlinelibrary.com]

F IGURE 3 (a) Macroscopic image of non-cross-linked (NCLM) and cross-linked MatriDerm (CLM) seeded with human dermal fibroblasts in a
cell cultured environment on Day 14. (b) Diameter (millimetre) of noncross-linked and cross-linked MatriDerm seeded with human dermal
fibroblasts on Days 0, 1 (p value = .024E-2), and 14 (p value = .018E-3). (c) Diameter (millimetre) of noncross-linked MatriDerm without dermal
fibroblasts and seeded with dermal fibroblasts on Days 0, 1, and 14. (d) Diameter (millimetre) of cross-linked MatriDerm without dermal
fibroblasts and seeded with dermal fibroblasts on Days 0, 1, and 14. Note: Y-axis of images b, c, and d commence at 4 mm [Colour figure can be
viewed at wileyonlinelibrary.com]
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3.2.3 | Cell migration and distribution

Dermal fibroblasts tended to migrate throughout cross-linked

MatriDerm from Day 1, with cells more evenly distributed and cell

growth extending towards the periphery, compared with noncross-

linked MatriDerm. On Day 1, dermal fibroblasts seeded on cross-

linked MatriDerm commenced cell migration immediately from the

centrum dispersing throughout the scaffold, whereas dermal fibro-

blasts seeded onto noncross-linked MatriDerm were mainly concen-

trated in the centre (Figure 4b). On Day 14, a majority of the dermal

fibroblasts seeded on non-cross-linked MatriDerm were still localized

in the central area of the scaffold, whereas cross-linked MatriDerm

demonstrated more cell migration and proliferation to the outermost

edges of the scaffold (Figure 4c). Dermal fibroblast migration and

distribution were also confirmed under SEM, showing centrally

confluent cells in both noncross-linked and cross-linked MatriDerm

on Day 1 (Figure 4d). On Day 14, cross-linked MatriDerm subse-

quently showed a thick layer of confluent dermal fibroblasts on

cross-linked MatriDerm, covering the entire template. Noncross-

linked MatriDerm only displayed a centrally confluent layer at Day

14 (Figure 4d, white arrows). Morphology of the dermal fibroblasts

was not affected in cross-linked MatriDerm as the cells displayed

similar healthy characteristics to the cells seeded onto noncross-

linked MatriDerm. The results from the scanning electron micros-

copy images were consistent with cell quantification, distribution,

and migration measurements.

3.3 | In vivo analysis in murine model

3.3.1 | Graft take and wound contraction

Similar graft take rate was measured in both cross-linked and

noncross-linked MatriDerm, with 78% and 86% graft take, respec-

tively. No significant difference in graft take was detected, demon-

strating that glutaraldehyde cross-linked MatriDerm did not

negatively affect wound healing (Figure 5a). Similar wound contrac-

tion was displayed in both cross-linked and noncross-linked

MatriDerm wounds over 28 days (Figure 5b). Wound contraction

rates increased at Day 7 for both cross-linked and noncross-linked

MatriDerm, stabilizing on Day 21. At Day 28, wounds with cross-

linked and noncross-linked MatriDerm contracted in total by 50.7%

and 49.4%, respectively.

3.3.2 | In vivo host response and scaffold
degradation

The in vivo scaffold study between cross-linked and noncross-linked

displayed similar host responses. Both scaffolds were well tolerated

by animals with minimal cell infiltration and local inflammation noted

with histological analysis. However, cross-linked MatriDerm demon-

strated a slower biodegradation in vivo. At Day 7, both scaffolds dis-

played an intact and sturdy structure under a taken graft (Figure 5c),

F IGURE 4 (a) Cell quantification of noncross-linked and cross-linked MatriDerm on Days 1 and day 14, p value = .047 for Day 14. (b) Pattern
of distribution of dermal fibroblasts in noncross-linked and cross-linked MatriDerm on Day 1 including schematic drawing top left corner of
scaffold cross-sections related to slide number. (c) Pattern of distribution of dermal fibroblasts in noncross-linked and cross-linked MatriDerm on
Day 14. (d) Scanning electron microscopy of noncross-linked (NCLM) and cross-linked MatriDerm (CLM) seeded with human dermal fibroblasts
on Days 1 and 14, scale bar = 500 μm, higher resolution of Day 14, scale bar = 50 μm. White arrows indicate the border of confluent cells [Colour
figure can be viewed at wileyonlinelibrary.com]
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with cell infiltration observed between 20% and 40% for both scaf-

folds. At Day 14, noncross-linked MatriDerm breakdown was evident,

fragmenting mainly centrally, with a considerable inflammatory

response, whereas cross-linked MatriDerm was grossly intact. In com-

parison, 100% of the cross-linked MatriDerm scaffold remained com-

pared with 61% of the noncross-linked MatriDerm scaffold. Host cell

infiltration was observed to be higher centrally in noncross-linked

MatriDerm, ranging from 90% to 100% centrally to 50–60% peripher-

ally. Cross-linked MatriDerm displayed a more evenly dispersed host

cell infiltration between 40% and 60%. At Day 28, cross-linked

MatriDerm also showed signs of biodegradation, decreasing in size,

whereas only remnants of noncross-linked MatriDerm were found.

Approximately 60% of cross-linked MatriDerm were noted remaining

under the skin grafts, whereas approximately 8% of non-cross-linked

was found on Day 28. Noncross-linked host cell infiltration was

observed at 95–100% as the scaffold was fully absorbed, and cross-

linked MatriDerm at 95–100% centrally where absorbed, but 60–70%

peripherally where fragments of the scaffold were still visible.

3.3.3 | Angiogenesis

Angiogenesis was observed in noncross-linked MatriDerm earlier than

in cross-linked MatriDerm. Vessel formation was primarily observed

F IGURE 5 (a) Graft take (%) of
noncross-linked and cross-linked
MatriDerm in in vivo analysis.
(b) Wound contraction of noncross-
linked and cross-linked MatriDerm
on Days 3, 5, 7, 10, 14, 21, and 28.
(c) H&E-stained cross-linked and
noncross-linked MatriDerm on
Days 7, 14, and, 28. Scaffolds

indicated by dotted line and arrows,
scale bar = 100 μm.
(d) Angiogenesis demonstrated by
arrows in H&E-stained cross-linked
and noncross-linked MatriDerm on
Days 14 and 28, scale bar = 100 μm
[Colour figure can be viewed at
wileyonlinelibrary.com]
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in areas where the scaffold had been biodegraded with only frag-

mental remnants. At Day 14, noncross-linked MatriDerm was pri-

marily degraded in the centre of the scaffold, displaying more

neovascularization in noncross-linked MatriDerm compared with

cross-linked MatriDerm. Cross-linked MatriDerm also displayed

angiogenesis at Day 14 within the intact scaffold and by Day

28, vessel formation increasingly developed, displaying vessel for-

mation similar to noncross-linked MatriDerm at Day 14.

4 | DISCUSSION

The existing and extensive research into the ideal dermal template

for skin tissue engineering is becoming increasingly complex. Many

commercial dermal substitutes are available today with different

components, biological and mechanical properties, and cross-linking

methods, attempting to achieve an optimal composition. Ideally, der-

mal templates should biodegrade gradually while promoting tissue

regeneration at a matching speed, assisting the restoration of skin

structures and functions. Optimization of scaffold properties including

bio-stability and mechanical strength is therefore important in the

quest to develop an ideal dermal template for the reconstruction of

skin with minimal wound contraction and scarring. This study was

designed to prolong the in vivo half-life of a commercially available

dermal template that degrades relatively quickly. By chemically cross-

linking MatriDerm, the scaffold's strength and stability were

enhanced, prolonging its durability in both in vitro and in vivo studies.

Increasing the mechanical strength resulted in a reduced biodegrada-

tion rate, allowing for a more ideal prolonged presence of the

collagen-elastin matrix in the healing wound and potentially enhancing

its regenerative properties.

In the quest to develop an ideal dermal template, investigation

into the ideal pore size has been complicated by the growing possibili-

ties of biomaterials and building techniques, each with its own effect

on cell interaction (O’Brien et al., 2005; Wang et al., 2005). Further-

more, specific cells require different pore sizes for optimal cell attach-

ment, growth, and motility (Salem et al., 2002). In poly(L-lactic acid)

and poly(L-lactic-co-glycolic acid) scaffolds, pore sizes smaller than

160 μm have been reported to be optimal for the attachment of

human skin fibroblasts (Yang et al., 2002). In a study with collagen-

glycosaminoglycan scaffold cross-linked with glutaraldehyde and

grafted in guinea pigs, the recommended optimal pore size was

between 20 and 125 μm, however, requiring autologous cells seeding

prior to implantation (Yannas et al., 1989). In fact, a recent study

examining the effects of using an alternative chemical cross-linking

method, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlo-

ride cross-linking, on collagen scaffolds showed more favourable out-

comes when pore size was not too enlarged, as a larger pore size

promotes further myofibroblast differentiation and more foreign body

giant cells (Boekema et al. 2014).

In this study, pore size and porosity were found to be affected by

enhancing the physiochemical strength of MatriDerm through cross-

linking with glutaraldehyde. The average pore size was measured to

be approximately 26.5 μm for noncross-linked MatriDerm and 25 μm

for cross-linked MatriDerm. In cell culture, the significant decrease in

pore size and porosity after cross-linking did not inhibit cell attach-

ment, migration, or proliferation of the human dermal fibroblasts on

cross-linked MatriDerm, which may be explained by enhanced fibre

strength and elasticity after cross-linking. Interestingly, significantly

increased cell proliferation and a more disperse cell migration was

found on cross-linked MatriDerm with reduced pore size and porosity.

These findings may be attributed to the higher surface wettability of

exposure of protein on the cross-linked surface, facilitating cell migra-

tion through the pores (Côté & Doillon, 1992). SEM analysis of seeded

dermal fibroblasts on Day 14 revealed long process extensions of cells

that linked to the underlying scaffolds and to neighbouring cells, indi-

cating strong cell adhesion with the underlying substrate via focal

contacts and good overall biocompatibility with both cross-linked and

noncross-linked MatriDerm. SEM analysis also confirmed that cross-

linked MatriDerm is seemingly more favourable for supporting cell

migration and the formation of a confluent layer of dermal fibroblasts

over 14 days, while maintaining the integrity of the scaffold. The find-

ings of increased cell proliferation on cross-linked MatriDerm can

be further supported by the tendency of human dermal fibroblasts

to display favourability towards rigid surfaces (Hsin-I Chang, 2011).

By stabilizing the scaffold and increasing its scaffold rigidity, we

found enhanced cell proliferation and migration of dermal fibroblasts

throughout the template. However, it has also been shown that

in more rigid environments, fibroblasts tend to differentiate into

myofibroblasts, the main contributor of contraction (Harrison &

MacNeil, 2008; Hinz, 2006). Myofibroblasts are activated by stress

and strain and subsequently exert their contractile function to bring

collagen bundles together. (Hinz, 2016) Yet, in the quest for the ideal

dermal template, excessive myofibroblast presence is not desired as

further contraction of the template or of the regenerated tissue is

unnecessary and would only cause further excessive scarring and con-

tractures. In this study, despite the increased rigidity of cross-linked

MatriDerm, cell-scaffold interaction studies did not suggest the pres-

ence of excessive myofibroblasts. in vitro experiments showed con-

traction of cross-linked MatriDerm was present but was significantly

less than that of noncross-linked MatriDerm and independent of the

presence of human dermal fibroblasts.

At present, MatriDerm remains the only commercial available

dermal substitute that contains an elastin element. The presence of

elastin has been shown to reduce the differentiation of fibroblasts

into myofibroblasts (Kloxin et al., 2010). As myofibroblasts are con-

sidered to be the main contributor of scar contraction, (Harrison &

MacNeil, 2008; Shin & Minn, 2004) reducing the differentiation

could potentially lead to a more pliable scar. In addition, the pres-

ence of elastin promotes native elastin production (Daamen

et al., 2008; Hinek, Wang, Liu, Mitts, & Jimenez, 2005) and angio-

genesis (Daamen et al., 2008; Wang et al., 2015), further

supporting healthy scar formation. De Vries et al. (1995) demon-

strated that elastin in a collagen-elastin matrix enhanced the archi-

tecture of scar tissue, with a more organized formation of collagen,

to closer relate to normal skin properties. Therefore, by stabilizing
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the collagen-elastin matrix, these beneficial effects of elastin could

be present in the wound for a longer period of time to further

improve scar quality.

By cross-linking MatriDerm, its matrix durability was enhanced

without impeding on cell integration and viability, increasing the pres-

ence of elastin during the wound healing period and thereby

maintaining its supportive influence as well as functionality during

cell-matrix interaction and tissue regeneration for a longer period of

time. In our study, cross-linked MatriDerm was present and intact for

a longer period of time than noncross-linked MatriDerm in vivo. After

2 weeks, cross-linked MatriDerm remained well intact whereas

noncross-linked MatriDerm was almost completely biodegraded, all-

owing cross-linked MatriDerm to extend further into the proliferation

phase of wound healing. Angiogenesis appeared to be active and took

place earlier in noncross-linked MatriDerm compared with cross-

linked MatriDerm in the animal model. Yet prolonged and extensive

angiogenesis was observed in wounds with cross-linked MatriDerm,

potentially relating to the intact matrix structure and a prolonged

presence of elastin. No excessive collagen formation or inflammatory

response was noted in cross-linked MatriDerm, which is supported by

similar graft take data between both cross-linked and noncross-linked

MatriDerm.

Mouse models are commonly used as a cost-effective research

tool for informative investigations or preliminary screenings of the

efficacy and biosafety of dermal templates and skin substitutes.

The in vivo wound contraction and graft take did not appear sig-

nificantly different in the wounds grafted with cross-linked

MatriDerm or noncross-linked MatriDerm. However, some notable

limitations should certainly be taken into consideration when inter-

preting the data from our mouse model study. First, mouse skin is

very thin and different from human skin in structures and wound

healing mechanism. Mouse skin is well known to heal by contrac-

tion due to the presence of panniculus carnosus beneath their skin,

whereas human skin heals by re-epithelization, making skin con-

traction studies limited in mouse models (Abdullahi, Amini-Nik, &

Jeschke, 2014). Our in vitro and histological study showed that

that cross-linked MatriDerm had stronger mechanical strength,

increased stability, and delayed degradation but displayed no signif-

icant effect on the wound contraction in comparison with

noncross-linked MatriDerm. The wound contraction results from

our study are very likely being impacted by the unique contraction

mechanisms of mouse skin wound healing. Second, the sample size

in our invivo study is relatively small. We examined 18 mice with

9 per group in the study. Although using a well-established and

reproducible mouse model, the limited sample size may not allow

the detection of any small difference between the wound contrac-

tions of study groups. This could lead to inaccuracy when compar-

ing the wound healing, in particular, the measurements of wound

contraction between the groups. Although the sample size could

be increased for better statistical power, a larger sample size would

not resolve the impact associated with inherent contraction healing

mechanism of mice. Graft take rate could also be impacted by

small sample size. However, for this study, the graft take is less an

issue as all wounds in our study, either grafted with cross-linked

or noncross-linked, healed completely without any complications as

evidenced by histology. MatriDerm is a well-known, clinically

approved dermal regenerative template with excellent take rate. In

this study, the similar wound healing with no obvious cytotoxicity

or unfavourable host reaction between the groups. With non-

crossed MatriDerm as a benchmark for comparison, the similarity

between the groups may optimistically indicate that the cross-

linking, although stabilizing the matrix and slowing down its degra-

dation, did not alter its properties for wound healing.

Based on overall data from this study and with consideration of

its limitations, cross-linking MatriDerm enhances the scaffold's

strength and stability, prolonging its durability in both in vitro and

in vivo experiments. Cross-linked MatriDerm developed a macroscop-

ically sturdier, less fragile scaffold, which was confirmed with tensile

testing. It was easier to handle than noncross-linked MatriDerm,

resolving a common issue raised by surgeons. Its increased strength

and the effect on reducing the biodegradability rate over time allowed

for an extended structural integrity of the collagen-elastin matrix and

effective cell-matrix interaction. in vitro experiments with human

dermal fibroblasts demonstrated viable cells with increased prolifer-

ation over and throughout cross-linked MatriDerm, and in vivo

results demonstrated similar graft take rates without abnormal or

excessive inflammatory response. Cross-linking could potentially

enhance the regenerative capacity of MatriDerm in the healing

wound. Our in vitro and in vivo data certainly warrant a further

investigation of the role of cross-linked MatriDerm in modulating

wound healing and contraction. For future study, we would con-

sider the investigation in a more suitable animal model such as

porcine with a statistically calculated sample size. A porcine model

shares similar skin structures and wound healing mechanism to

humans and would allow for larger wound sizes, measuring wound

epithelization, contractions, and even scarring more precisely. The

data from a porcine model would be more clinically translational to

human trials than that from a mouse model.

A dermal scaffold with optimal structural and functionalities

including mechanical strength and degradation rate is critical for

ideal dermal regeneration in skin tissue engineering. As such, to

increase the structural stability and delay its degradation by

crosslinking would potentially allow extended structural supports

and improved scaffold-guided dermal regeneration to full thickness,

which, if being translated clinically, would potentially lead to

increased quality of wound healing, reduced wound contraction,

and scarring. The future potential of a stronger and sturdier

collagen-elastin dermal template lies not only within the benefits

of prolonging its in vivo half-life for a longer exposure of elastin in

a healing wound but further in the field of cultured epithelial auto-

grafts. By creating a scaffold that is rigid enough for dermal fibro-

blast and keratinocytes to proliferate on in an in vitro

environment, autologous cells can be grown in lab on a strong

base that will not disintegrate too early, allowing the formation of

an autologous cultured living skin substitute, enhancing its future

prospective use on the reconstructive ladder.
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5 | CONCLUSION

In this study, cross-linking a collagen-elastin matrix with glutaralde-

hyde was found to increase the scaffold's strength and reduced its

biodegradation rate. Exposure to human dermal fibroblasts in an in-

vitro environment demonstrated positive compatibility and reduced

contraction of the scaffold. Without affecting wound healing or

graft take, cross-linked MatriDerm was found to have a prolonged

durability in a healing wound, causing no excessive scar formation.

Eventhough no significant difference was found in wound contraction,

the extended exposure of cross-linked MatriDerm in a wound could

potentially have beneficial effects on tissue regeneration, subse-

quently promoting the formation of a more pliable, healthy scar. As

cross-linked MatriDerm presents a more stable three-dimensional

matrix, its potential use in skin tissue engineering promises a great

future.
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Abstract
Background: Giant cell tumor of bone (GCTB) is considered to be a kind of bor-
derline tumor, which has a tendency to recur and translocate. MicroRNAs are one 
type of small noncoding RNA, which can inhibit the translation of targeted mRNA 
through RNA-induced silencing complex.
Methods: Microarray was conducted on three groups of tumor tissues and normal 
tissues from patients with GCTB, and results showed different expression profiles 
of miRNAs with Gene Ontology analysis and Kyoto Encyclopedia of Genes and 
Genomes analysis. The functions of miR-187-5p and miR-1323, which were highly 
expressed in GCTB, were examined by 5-ethynyl-2′-deoxyuridine (EDU), transwell, 
and CCK8 assays. RNAhybrid et al. (RNA prediction softwares) predicted that the 
two microRNAs targeted fibroblast growth factor receptor substrate 2 (FRS2), which 
was verified by luciferase assay and rescue experiments.
Results: miR-187-5p and miR-1323 were highly expressed in tumor tissues. They 
can jointly regulate the biological functions of GCTB in vitro. Luciferase assay con-
firmed that the two microRNAs can bind to the 3′ untranslated regions (UTR) of 
mRNA of FRS2. And, rescue experiments verified the relationships between the two 
microRNAs and FRS2.
Conclusion: There were some different-expressed microRNAs between GCTB and 
normal tissues. miR-187-5p and miR-1323 can regulate the biological functions of 
GCTB through influencing the expression of FRS2.

K E Y W O R D S

expression profiles, functions, GCTB, microRNAs

1 |  INTRODUCTION

Giant cell tumor of bone (GCTB) is a type of borderline 
tumor.1,2 It has low morbidity but high recurrence, so well as 

high metastasis rate, especially translocating to the lung. Giant 
cell tumor of bone can occur in most long bones in human bod-
ies, including the distal femur and proximal tibia. And, peo-
ple aged from 20 to 40 have more morbidity than other age 
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groups.3 The main pathological ingredients of GCTB include 
multinucleated giant cells and stromal cells, which have the ul-
trastructure of osteosarcoma. Meanwhile, the high expression 
of Receptor activator for nuclear factor-κ B ligand (RANKL) 
has significant meaning in the development and treatment of 
GCTB.4 At present, the main therapies include surgery and 
medicine.5 Although the permission of Denosumab (monoclo-
nal antibody for RANKL) treatment on patients with GCTB 
has been realized,5 the recurrence and metastasis of GCTB still 
need other measures to control. Much more molecules and cy-
tokines' functions in GCTB need more exploration.

MicroRNAs are one kind of small noncoding RNAs with 
the length of 19-25 nt,6 which can bind to the 3′UTR of mRNA 
with Argonaute proteins to form RISC (RNA-induced silenc-
ing complex), resulting in the inhibited expression of mRNA.7 
Bussing et al firstly found that let-7 is a highly conserved 
miRNA, which can influence many pathways and processes 
in cancers.8 After that, many researches on the mechanism of 
microRNAs regulating the occurrence and development of 
tumors have sprung up.9,10 There have been some miRNAs 
studied on GCTB, such as miR-30a,11 miR-127,12 and miR-
376a.12 These miRNAs could regulate the development of 
GCTB. However, there are few researches showing a system-
atic expression profile on microRNAs in GCTB.

This study used microarrays on tissues from patients of 
GCTB to show the different expression profiles of microR-
NAs. Moreover, with the detection of microRNAs, we ana-
lyzed them through GO (Gene Ontology) analysis and KEGG 
(Kyoto Encyclopedia of Genes and Genomes) analysis to 
explore and summarize the functions of these microRNAs 
deeply. At the same time, we found miR-187-5p and miR-
1323 had higher expression in tumor tissues than normal tis-
sues. Thus, we studied the two RNAs about their functions in 
GCTB in vitro. The aims of the research were to investigate 
more miRNAs functioning in GCTB and provide some us-
able information for the treatment of GCTB in the future.

2 |  METHODS AND MATERIALS

2.1 | Specimens Collection

Specimens were collected from the patients with GCTB (in-
formation shown in Table S1) in Jinling Hospital (Nanjing, 
China) from January 2016 to January 2019. While the tumor 
tissues were cut from the patient's bodied, they were put in 
the collagenase B (Roche Diagnostics). After the primary 
culture of GCTB cell line, the redundant tissues were stored 
in refrigerator at −80°C. At the same time, part of normal tis-
sues, which were adjacent to the tumor tissues, was cut and 
stored at the same state.

The research has been approved by the Ethics Committee 
of Jinling Hospital (Nanjing, China). And, the use of patients' 

tissues for the research has been permitted by patients with 
their signature on the consent files.

2.2 | Cell culture and transfection

The cell line (GCTB) was established from the tumor sam-
ples of patients. The tissues were cut into small pieces and 
digestion of 1.5 mg/mL collagenase B for 3 hours at 37°C in 
Dulbecco's Modified Eagle Medium (DMEM; Gibco),which 
contained 10% fetal beef serum (FBS; Gibco) and 100  U/
mL penicillin/streptomycin (Gibco). Then, cells suspension 
was centrifuged, washed twice with phosphate buffer liquid, 
and cultured in the conditional medium. Twenty-four hours 
later, the cells were treated with Trypsin (Gibco) to suspend 
the cells. After three passages, detached cells were cultured 
to eliminate any remaining giant cells. The main cells we 
cultured were stromal cells, confirmed by the immunofluo-
rescence of CD68 and PCNA (Figures S1–S3). When the 
density of cells grew to 80%, we transfected the microRNA 
mimics and inhibitors into the cells with Lipofectamine® 
3000 (Invitrogen). The transfected concentrations of micro-
RNA mimics, inhibitors, and plasmids were dependent on the 
situations and expectations.

2.3 | Microarray analysis

Microarray was conducted with the Affymetrix® GeneChip 
miRNA array analysis (Affymetrix), provided by Shanghai 
Biotechnology Corporation, to explore the expression pro-
files of microRNAs in GCTB and adjacent normal tissues. 
The total RNA was extracted from tissues through TRIZOL 
(Invitrogen). Hybridization signals were detected using an 
Affymetrix® scanner. With the Gene Clustering 3.0 and Java 
Tree View, the raw data were analyzed.

2.4 | quantitate Reverse Transcription-
Polymerase Chain Reaction (qRT-PCR)

The total RNAs were extracted from tissues and cells 
through TRIZOL. The extracted RNAs were dissolved in 
Diethypyrocarbonate (DEPC) water. According to the RNA 
reverse transcription systems, the reverse transcription solu-
tion was prepared (Takara). The PCR machines (MiniAmp; 
Thermo Fisher) were used to complete the reverse transcription 
process, and cDNAs were obtained. After that, the real-time 
quantitative PCR systems (Takara) were prepared according to 
different cDNAs, and the reactions progressed in the 7900HT 
Fast Real-Time PCR System (Life Technologies Corporation). 
miRNAs and mRNAs were performed with probe methods and 
SYBR GREEN method, respectively. After the reaction, the 
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instrument can analyze the Ct values according to the signals. 
Through the threshold, targeted RNAs and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH)/U6 (internal reference)
had their own Ct values. And the deviation between the two
Ct values can be considered as ΔCt. The relative RNA levels
were represented by 2−△Ct. The sequences of the primers of
fibroblast growth factor (FGF) receptor substrate 2 (FRS2) are
shown in supplementary (Table S2).

2.5 | Western Blot

The total proteins were extracted from tissues and cells through 
RIPA. The superior structure of the protein was disrupted 
with 5× sodium dodecyl sulfate (SDS) solution. The gels 
were prepared with a concentration of 12.5%. The antibodies 
we used in the experiments were “mouse anti-human FRS2” 
(Santa Cruz, USA), “mouse anti-human GAPDH” (Santa 
Cruz, USA), and “goat anti-mouse” (Santa Cruz, USA). All 
the procedures followed the manufactures' instructions. The 
total protein-SDS solution was added to the gel according to 
the estimated content of the target protein, and constant volt-
age of 80 V was applied for electrophoresis with the help of 
the electrophoresis apparatus (EPS-300-IIV; CBS). After the 
separation of the protein, the gel was taken out and placed 
in the transfer capsules with a sponge-thick filter-gel-PVDF 
membrane-filter paper structure. And, constant current of 0.3 
A was applied to transfer the film for 90 minutes. After tak-
ing out of the PVDF membranes, according to the ladder, the 
corresponding bands containing the internal reference pro-
tein GAPDH and the target protein on the membranes were 
cut out. After blocking for 1 hour with 5% milk, the bands 
were immersed in the respective first antibody solution over-
night. Then, the bands were washed by 1× Tris-HCL+Tween 
buffer solution (TBST) for several times. And, the bands 
were incubated with the secondary antibody for 1 hour, fol-
lowed by TBST washing for several times. Then, the bands 
were reacted with enhanced chemiluminescent (SuperSignal 
West Femto; Thermo Fisher) and examined by chemilumi-
nescence detector (Fluoroskan; Thermo Fisher). The instru-
ment can collect the signals from the chemiluminescent and 
the product of intensities and areas could be considered as 
the parameters of tested proteins. These were recorded and 
calculated by ImageJ (NIH). The ratio of the parameters of 
targeted protein and GAPDH (control) represented the rela-
tive level of the targeted proteins.

2.6 | luciferase reporter assay

Fibroblast growth factor receptor substrate 2 3′UTR was 
amplified by the cDNA coding FRS2 (NM_006654.5). The 
pGL3-basic vectors (Promega) were used to construct the 

luciferase reporter plasmids, including “wild type” and “mu-
tant type”. These plasmids were co-transfected with micro-
RNA mimics into the cells we cultured. After 24 hours, cell 
lysis products were extracted and the luciferase activity was 
examined with the dual-luciferase assay system (Promega). 
The luciferase activity could represent the binding efficiency 
of the miRNAs and sequences of 3′UTR. Renilla luciferase 
activity was used to normalize for transfection efficiency.

2.7 | EUD assay

5-Ethynyl-2’-deoxyuridine (EDU) assay was conducted
with Cell-LightTM EdU Apollo567 kit (Guangzhou Ruibo
Biotechnology). When the density of cells turned to 80%, the
mimics or inhibitors were transfected into cells. After 24 hours, 
reagent A was added to the medium and cells were cultured for
another 4 hours. Then, according to the manufacturer's instruc-
tions, the cells were stained. When the staining was done, pho-
tos were taken under the microscope (EVOS M7000; Thermo
Fisher) at 200×. The uracil could emit red fluorescence under
green excitation light and the nucleus could emit blue fluores-
cence under light blue excitation light. When focusing on one
field, the numbers of red and blue were counted and calculated
with the help of ImageJ (NIH). The relative proliferation rate
was represented by the ratio of red and blue.

2.8 | Transwell assay

The Transwell chambers were bought from CORNING. After 
transfection, cells were diluted into the concentration of 105/
well and translocated to the chambers, which were added with 
DMEM (free FBS). Under the chambers, DMEM containing 
20% FBS was filled in the wells. After culturing for 36 hours, 
the medium was discarded and cells were stained by crystal 
violet, presenting with blue. Then, the stained cells were cap-
tured under the microscope (EVOS M7000; Thermo Fisher) 
at 100×. Focusing on one field, the blue spots represented the 
cells that traversed through the porous membrane and glue to 
reflect the relative invasion rate. The numbers of blue spots 
were counted and calculated by ImageJ (NIH).

2.9 | Cell viability assay

CCK8 reaction mixture (APExBIO) was used to perform the 
cell viability experiments. About 100  µL of cell suspension 
from each well was added into a tube containing 6-mL condi-
tion medium to dilute the concentration. Then, the new suspen-
sion was averagely spread into 96-well plates with 100 µL of 
each well. After culturing for 24, 48, 72, 96, 120  hours, re-
spectively, 10-µL CCK8 reaction mixture was added to each 
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well. The enzyme-labeled instrument (Multiskan GO; Thermo 
Fisher) was used to detect the absorbance of OD450 in each 
well after culturing the mixture of CCK8 reaction and cells for 
2 hours. Every time point had an absorbance which could rep-
resent the cellular viability in that time and then comparison of 
the trend of the absorbance of each sample was the assay result.

2.10 | Statistical analysis

All data statistics were performed with SPSS 20.0 (IBM). 
Data are expressed as mean ± SD. One-way ANOVA analy-
sis was used to compare the differences among groups. *, 
**, ***, and **** indicate P < .05, P < .01, P < .001, and 
P < .0001, respectively.

3 |  RESULTS

3.1 | Expression profiles of microRNAs in 
GCTB

The specimens we got during the surgeries were divided 
into three groups: two normal tissues adjacent to the tumors 
(group g1), two primary tumor tissues (group g2), and one 
relapsed tumor tissue + one metastatic tumor tissue in lung 
(group g3). The group g3 was defined that the two tumors 
were considered to be with higher malignancy than the tu-
mors in group g2. These three groups' tissues were con-
ducted with microarrays to detect the different microRNAs 
among them. Defining with the fold change >1.5, the heat 
maps (Figure 1A) showed that between g2 and g1 there were 
17 different miRNAs including eight upregulated and nine 
downregulated. Comparing g3 with g1, there were eight dif-
ferent-expressed microRNAs. However, unfortunately, few 
microRNAs were found between g3 and g2, so that we cannot 
obtain a heat map between them. Besides, three scatter plots 
(Figure 1B) and volcano plots (Figure 1C) were formed to 
exhibit the different profiles among the three groups further.

3.2 | Functional pathways analysis of the 
different-expressed microRNAs

Gene Ontology analysis is the classification of gene func-
tions, including biological process, cellular component, and 

molecular function.13 We performed GO analysis among the 
three groups. The GO classification (Figure 2A) shows that 
among the three comparisons, most host genes of microRNAs 
were involved in cellular process of the biological process, cell 
part of the cellular component, and binding of the molecular 
function. Moreover, the GO enrichment (Figure 2B) could 
further elucidate that between g2 and g1, most host genes of 
different-expressed microRNAs were involved with mediated 
actin nucleation and intrinsic apoptotic signaling pathway in 
response to osmotic stress. While comparing g3 and g1, most 
host genes were connected with the regulation of synaptic 
vesicle fusion to presynapt and m7G (5′) pppN diphosphatase 
activity. Between g2 and g3, lung morphogenesis and type en-
dopeptidase activity were obviously involved with more host 
genes.

Kyoto Encyclopedia of Genes and Genomes analysis is 
the biological pathway classification entry.14 The host genes 
of the microRNAs mainly participated in signal transduc-
tion, immune system, and cancers according to the KEGG 
classification analysis of three comparisons (Figure 2C). 
Meanwhile, the KEGG enrichment analysis (Figure 2D) 
showed these host genes could be involved in the Ras signal-
ing pathway, alcoholism, and TGF-beta signaling pathway.

3.3 | miR-187-5p and miR-1323 were 
downregulated in tissues of GCTB

In terms of the microarrays analysis, we found that miR-187-5p 
and miR-1323 had low expression in tumor tissues, no matter in 
the primary tumors or the tumors with higher malignancy. Thus, 
we performed qRT-PCR on the 20 pairs of tissues of patients 
with GCTB. As the results showed, miR-187-5p and miR-1323 
were overtly downregulated in tumor tissues (Figure 3A).

As a result, we considered that the two microRNAs may 
function in GCTB. To examine these microRNAs' activities 
in GCTB, we, respectively, transfected the microRNA mimics 
into the cells cultured by the GCTB tissues (GCTBSC). qRT-
PCR (Figure 3B) showed that after transfection of mimics, the 
relative level of miR-187-5p and miR-1323 increased concom-
itantly. And, EDU assay was conducted. As the results (Figure 
3C) showed, miR-187-5p and miR-1323 mimics can separately 
inhibit the proliferation rate of GCTBSC, but co-transfection 
of the two microRNAs can have joint influence on GCTBSC. 
Meanwhile, transwell assay (Figure 3D) confirmed the inhi-
bition of translocation of GCTBSC by the two microRNAs. 

F I G U R E  1  MicroRNAs were differently expressed among the three groups shown by microarrays. A, The heat map of the aberrant 
microRNAs (fold change [FC] > 1.5). The left showed the microRNAs between g2 and g1, while the right showed between g3 and g1. B, The 
scatter plots of the aberrant microRNAs (FC > 1.5). The left showed the microRNAs between g2 and g1. The middle showed between g3 and g1, 
while the right showed between g2 and g3. C, The volcano plots of the aberrant microRNAs (FC > 1.5). The picture sequence was similar to the 
aforementioned
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And, CCK8 assay (Figure 3E) was performed to verify the cel-
lular viability. With high expression of the two microRNAs, 
viability of GCTBSC was overtly impaired and the situation 

deteriorated when co-transfection. To further examine the ef-
fect brought by the two microRNAs, the miR-187-5p and miR-
1323 inhibitors were utilized and the abovementioned three 

F I G U R E  2  The aberrant microRNAs could have some functions. A, The results of Gene Ontology (GO) classification analysis. The left 
showed the compared analysis between g2 and g1. The middle showed between g3 and g1, while the right showed between g2 and g3. B, The 
results of GO enrichment analysis. The picture sequence was similar to the aforementioned. C, The results of Kyoto Encyclopedia of Genes and 
Genomes (KEGG) classification analysis. The picture sequence was similar to the aforementioned. D, The results of KEGG enrichment analysis. 
The picture sequence was similar to the aforementioned
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function assays (Figure 3f-i) were performed. As we expected, 
inhibitors of the two microRNAs had positive influence on 
GCTBSC.

To sum up, we can control the relative level of miR-187-5p 
and miR-1323 to regulate the total biological functions of 
GCTBSC. Besides, simultaneously changing the level of the 
two microRNAs could have a united effect.

3.4 | miR-187-5p and miR-1323 may depress 
FRSC through RISC

According to previous researches, microRNAs were cleaved 
by Drosha and Dicer, and one strand of the two was selected 
to bind to Argonaute proteins. RISC was formed to recognize 
certain mRNA, bind to it, and repress its translation. In view 

F I G U R E  3  miR-187-5p and miR-1323 can regulate the biological functions of GCTBSC. A, The two miRNAs had a low expression in 
tumor tissues shown by qRT-PCR. B, The relative levels of the two miRNAs after the transfection of the mimics. C, After the transfection of 
mimics, the EDU assay examined the proliferation of GCTBSC. And, the right picture showed the statistical results. D, Transfection was tested 
by transwell assay and statistical result showed the significance. E, The cell counting kit-8 (CCK8) assay showed that the mimics can inhibit the 
cellular viability. F, The relative levels of the two miRNAs after the inhibitors transfection. G, The EDU assay and statistic results showed that 
the two inhibitors can prompt the proliferation. H, The transwell assay verified the improvement of translocation. I, The CCK8 showed the change 
in cellular viability. “NS”, “*”, “**”, “***”, and “****” represented none sense, P < .05, P < .01, P < .001, and P < .0001, respectively. “NC”, 
“mimics1”, and “mimics2” represented negative control, miR-187-5p mimics, and miR-1323 mimics, respectively. “INC”, “inhibitors1”, and 
“inhibitors2” represented inhibitors negative control, miR-187-5p inhibitors, and miR-1323 inhibitors, respectively. GCTB, giant cell tumor of bone
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of the inhibited activity of miR-187-5p and miR-1323, we pre-
sumed that the two miRNAs may silence some mRNAs to ap-
proach their goals. Thus, with the prediction of the software 
including Targetscan, miRanda, and RNAhybrid, we found that 
miR-187-5p and miR-1323 could both bind to the 3′UTR of 
FRS2. As Targetscan showed 3′UTR FRS2 had four binding 
sites for miR-187-5p (Figure 4A) and two binding sites for miR-
1323 (Figure 4B). Then, with the examination of Western blot 
(Figure 4C), we found that mimics and inhibitors of the two mi-
croRNA can obviously alter the relative protein level of FRS2. 
Yet, the mRNA levels of FRS2 were relatively steady (Figure 
4D). Subsequently, we assigned the 3′UTR of FRS2 into the 
luciferase reporter vectors (wild), and also the mutant of the 
3′UTR (mutant) was implemented as control. After the co-
transfection of two mimics with the wild and mutant luciferase 
reporter vectors separately, the mimics could evidently decrease 
the luciferase activities in GCTBSC, while mutant vectors had 
little influence on the luciferase activities (Figure 4E).

As a result, we determined that miR-187-5p and miR-
1323 could repress the expression of FRS2 through the bind-
ing of the 3′UTR of mRNA.

3.5 | Inhibition of FRS2 could limit the 
biological functions of GCTBSC

Although we had elucidated the binding of miR-187-5p and 
miR-1323 to the 3′UTR of FRS2, the functions of FRS2 in 

GCTB have yet been ambiguous. Firstly, we detected the 
expression of FRS2 in tumor tissues and normal tissues of 
patients with GCTB. And, the relative protein level was 
probed by immunohistochemistry. As the result (Figure 5A) 
showed, FRS2 had an ectopic expression in GCTB. To fur-
ther dig into its functions in GCTB, we designed three types 
of siRNAs targeting FRS2 (siRNA1, siRNA2, siRNA3 se-
quences shown in Table S2). And, the three siRNAs can 
evidently decrease the protein and mRNA level of FRS2 
in GCTBSC demonstrated by Western blot and qRT-PCR 
(Figure 5B). Following on the transfection of the siRNAs, 
aforementioned function assays (Figure 5C-E) were con-
ducted in GCTBSC. As expected, siRNAs targeting FRS2 
had generated significant suppressive impact on GCTBSC. 
And, the functions of forced expression of FRS2 would be 
stated later. With the evidences shown above, we can con-
clude that FRS2 may play an important role in GCTB as a 
proto-oncogene. And, the downregulation of its expression 
in GCTBSC could impose a restriction on tumor activities.

3.6 | miR-187-5p and miR-1323 can regulate 
biological functions of GCTB through the 
repression of FRS2

The functions of miR-187-5p and miR-1323 had been proved 
in GCTBSC, as well as FRS2. However, we could not fig-
ure out the exact mechanism of the influence of the two 

F I G U R E  4  FRS2 was predicted to be targeted by miR-187-5p and miR-1323 by three software. A, The schematic diagram of the binding 
sites of miR-187-5p and the binding sequence. B, The schematic diagram of the binding sites of miR-1323 and the binding sequence. C, Western 
blot results that the mimics and inhibitors can regulate the protein levels of FRS2 in cells. D, The relative levels of mRNA of FRS2 in cells after 
the transfection of the mimics and inhibitors showed little change. E, Luciferase reporter assays confirmed the 3′UTR of mRNA of FRS2 can be 
bound by the two mimics, and the luciferase activities had a significant decrease while co-transfecting with the wild and mimics. “NS”, “*”, “**”, 
“***”, and “****” represent none sense, P < .05, P < .01, P < .001, and P < .0001, respectively. “wild1” and “mutant1” represented the luciferase 
reporter plasmids that contained the wild type and mutant type of the binding sites that miR-187-5p could bind to the mRNA 3′UTR of FRS2, 
respectively. “wild2” and “mutant2” represented the luciferase reporter plasmids contained the wild type and mutant type of the binding sites that 
miR-1323 could bind to the mRNA 3′UTR of FRS2, respectively
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microRNAs exerting on GCTBSC. To prove the conjecture 
that the two microRNAs realized their roles by silencing 
FRS2 in GCTBSC, we performed the rescue experiments. 
The vectors forcedly expressing FRS2 were designed and co-
transfected with the two microRNA mimics into GCTBSC. As 
Western blot (Figure 6A) showed, forced expression of FRS2 
could be recovered to the level of negative control by the addi-
tion of the two microRNAs. Nonetheless, the relative mRNA 
level of FRS2 had little change even through the interruption 
of the two microRNAs (Figure 6B,C). Far more importantly, 
as far as the function assays (Figure 6D-F) conducted, the 
FRS2-overexpressed plasmids could prompt the total cellular 
activities, including proliferation, translocation, and cellular 
viability. Yet, after the addition of the two kinds of mimics, 
the positive influence could be alleviated, especially the com-
bined addition of miR-187-5p and miR-1323 mimics.

As a result, we had a conclusion that the co-transfection 
of the FRS2-overexpressed plasmids and microRNA mimics 
could adjust the influence caused by the sole transfection of 

FRS2-overexpressed plasmids. Further, we could also reach 
that miR-187-5p and miR-1323 could regulate the biologi-
cal functions of GCTB through repressing the expression of 
FRS2.

4 |  DISCUSSION

Giant cell tumor of bone is a borderline tumor, which has a 
high recurrence and a tendency to translocation, especially 
the lung.1,2 Even though Denosumab has been approved to 
treat for GCTB,5 there exists a need to demonstrate the mech-
anism of occurrence and development of the tumor in order 
to find more effective molecules functioning in GCTB.

MicroRNAs are considered as one kind of small noncod-
ing RNAs, with a length of 19-25 nt.6 It is recognized that 
microRNAs could form into RISC with Argonaute proteins 
and repress the translation of certain mRNAs.7 There have 
been some research on microRNAs in GCTB. Quan Huang's 

F I G U R E  5  FRS2 was downregulated in tumor tissues and can influence the functions of GCTBSC. A, The immunohistochemistry of 
FRS2 in tumor tissues and normal tissues. The above two photos were taken at 200× and the down were taken at 400×. And, the statistical result 
showed the significance. B, After transfection of three siRNAs and negative control, the relative protein and mRNA levels of FRS2 in cells were 
examined by Western blot (left) and qRT-PCR (right). C, The EDU assay and its statistical result showed that the three siRNAs can overtly block 
cell proliferation. D, The transwell assay and its statistical result showed the inhibition of translocation by the three siRNAs. E, Cellular viability 
was tested by CCK8 and downregulated. “***” and “****” represent none sense, P < .05, P < .01, P < .001, and P < .0001, respectively. “si-NC” 
represented siRNA negative control. GCTB, giant cell tumor of bone
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team found that miR-30a can target RUNX2 to inhibit the 
osteolysis in GCTB.11 And, Ingrid Herr's research proved 
that miR-127 and miR-376a can act as tumor suppres-
sors through the silence of COA1 and PDIA6 in GCTB.12 
Nonetheless, few researches on microarrays conducted in 
GCTB have been launched. We performed the microarrays 
on three groups of GCTB and found two microRNAs, miR-
187-5p and miR-1323, downregulated in tumor tissues, no
matter primary tissues or recrudescent tissues. miR-187-5p
has been found to target CYP1B1 to suppress cancer cell
progression in non-small cell lung cancer.15 Besides, Li et al
proved that miR-187-5p may be associated with cell biolog-
ical functions of bladder cancer.16 It may be involved with
drug sensitivity in breast cancer cell lines as well. Initially,
miR-1323 was raised to be upregulated in complete hy-
datidiform moles.17 And then, Priscilla T-Y Law's team pre-
dicted that miR-1323 was upregulated and linked with the
poor prognosis in hepatocellular carcinoma.18 Afterward, it
has been found in the prediction of resistance to neoadju-
vant radiochemotherapy in squamous cell carcinoma of the
esophagus.19 However, there has no research exploring their
functions in GCTB. Thus, our team firstly discovered the

aberrant expression of the two microRNAs and examined 
their functions in GCTB.

miR-187-5p and miR-1323 have been examined to syner-
gistically regulate the biological functions of GCTB in vitro as 
we utilized the mimics and inhibitors. Yet, to elucidate the deep 
mechanism behind the regulation, we conjectured that miR-
187-5p and miR-1323 may have a common targeted mRNA, 
FRS2, through the calculation and prediction of the three soft-
ware. Fortunately, after the transfection of the two microRNA 
mimics and inhibitors, the protein level of FRS2 had some pre-
dicted changes with the stable level of mRNA. Besides, luciferase 
reporter assays further confirmed our forecast. Fibroblast growth 
factor receptor (FGFR) substrate 2 is one type of the adaptor/
scaffold protein, which can bind to receptor tyrosine kinases and 
activate downstream signals.20 Zhang et al found that FRS2 had 
a high expression in high-grade liposarcoma and activation of 
the FGFR/FRS2 signaling may play an important role in the 
development of liposarcoma.21 Dey's team launched a research 
that inhibition of FRS2 could block the PI3K/AKT signaling to 
induce apoptosis and suppress the proliferation and translocation 
in breast cancer.22 Song Wu et al figured out that FRS2 had an 
obviously upregulation in bladder cancer through whole-genome 

F I G U R E  6  miR-187-5p and miR-1323 can regulate the biological functions of GCTB through blocking the expression of FRS2. A, After the 
co-transfection, the relative protein levels of FRS2 in cells. B, qRT-PCR showed the relative miRNA levels after co-transfection. C, The relative 
mRNA levels of FRS2 increased after adding FRS2-overexpressed plasmids. D-F, The function experiments showed the mimics can rescue the 
influence exerted by the plasmids. “NS”, “**”, “***”, and “****” represent none sense, P < .05, P < .01, P < .001, and P < .0001, respectively. 
“CV” and “plasmids” represented the negative vectors and FRS2-overexpressed plasmids, respectively. GCTB, giant cell tumor of bone
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sequencing, which could recruit endothelial cells and induce tube 
formation.23 Based on these studies, we conducted immunohis-
tochemistry in GCTB tissues and adjacent normal tissues, and 
found that FRS2 was highly expressed in tumor tissues. Besides, 
siRNA targeting FRS2 confirmed that interruption of its expres-
sion in GCTBSC could alleviate the tumor activities. Finally, we 
co-transfected plasmids expressing FRS2 with the two kinds of 
mimics into GCTBSC to verify that the plasmids can exacerbate 
the tumor activities, while the addition of the two mimics could 
recover the influence of the plasmids.

Unfortunately, we could not construct the animal models 
of GCTB so that we have not examined our prediction in vivo. 
Even though there are some researches mocking the tumors 
with the chick embryo chorioallantoic membrane assay,24 we 
have been doubting its reliability and validity.

5 |  CONCLUSION

Through microarray, we found the ectopic expression of 
several microRNAs in GCTB. miR-187-5p and miR-1323 
were highly expressed in tumor tissues, which could unitedly 
regulate biological functions of GCTB in vitro. Furthermore, 
mRNA of FRS2 could be targeted and repressed by the two 
microRNAs, so as to compromise the tumor activities.
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