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Biomaterial development for tissue engineering applications is rapidly increasing but necessitates
efficacy and safety testing prior to clinical application. Current in vitro and in vivo models hold a number
of limitations, including expense, lack of correlation between animal models and human outcomes and
the need to perform invasive procedures on animals; hence requiring new predictive screening methods.
In the present study we tested the hypothesis that the chick embryo chorioallantoic membrane (CAM)
can be used as a bioreactor to culture and study the regeneration of human living bone. We extracted
bone cylinders from human femoral heads, simulated an injury using a drill-hole defect, and implanted
the bone on CAM or in vitro control-culture. Micro-computed tomography (uCT) was used to quantify
the magnitude and location of bone volume changes followed by histological analyses to assess bone
repair. CAM blood vessels were observed to infiltrate the human bone cylinder and maintain human

cell viability. Histological evaluation revealed extensive extracellular matrix deposition in proximity

to endochondral condensations (Sox9+) on the CAM-implanted bone cylinders, correlating with a
significant increase in bone volume by pCT analysis (p < 0.01). This human-avian system offers a

simple refinement model for animal research and a step towards a humanized in vivo model for tissue
engineering.

Bone fracture is a major socio-economic burden that is set to rise as a consequence of current additional health
issues including smoking, diabetes as well as an increasing ageing population"* Currently, approximately 10%
of fractures fail to heal properly resulting in delayed union or non-union?-°. Poor vascularisation is frequently a
contributing factor in impaired healing® and thus a central challenge in bone tissue engineering is the design and
development of biomaterials which can promote vascularization and aid bone repair.

To achieve this, a number of strategies have focussed on functionalised biomaterial scaffolds. These may har-
ness growth factors, cells and small peptides, providing an osteogenic environment together with appropriate
mechanical support to promote and guide tissue growth”. As a consequence the number of biomaterial combi-
nations has increased significantly in the field of bone tissue engineering, evidenced by the increase in publica-
tions from 60 to over 600 per year in the last 15 years. However, the efficacy and safety of these biomaterials still
requires extensive assessment prior to Food and Drug Administration (FDA) approval for clinical applications.

Biomaterial preclinical testing involves an initial evaluation of the cytotoxicity, function and proliferative
effects of the biomaterial on cells, followed by further studies using animal models®. In vitro systems are often
limited as predictors of clinical function as such models cannot fully reproduce the complexity of biological
systems (blood supply, immune function, inflammatory and hormonal response), nor the complex interactions
of different cell types. Therefore, the application of animal models to determine the efficacy of a material and the
generation of safety/toxicity data prior to clinical evaluation is still required. However, discrepancies in experi-
mental design (animal age, physiology, injury location and size, and bone composition) have resulted in the lack
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of reproducible standard animal models for bone tissue engineering. Furthermore, the inconsistent response of
animals to drugs and devices in comparison to humans remains a concern®'. For instance, bisphosphonates
(inhibitors of bone resorption) increase bone mineral density in post-menopausal women, while the effects in
animal models were reported to be bone site-dependent!!. Such limitations, combined with a need to meet the
ethical obligations to reduce, refine and replace (3Rs) animal usage in animal research'?, underline the impor-
tance of the development of new models that avoid the need for animal experimentation and recapitulate robustly
species-specific effects.

One potential approach to refinement animal experimentation is the use of the chorioallantoic membrane
(CAM) assay, which involves the implantation of a material or compound on the extraembryonic membrane
of the developing chick egg. Critically the CAM is not innervated and thus no pain is experienced by the chick.
The chick embryo develops over 21 days and from day 4 the CAM forms, growing exponentially until day 14
(6cm? up to 65cm?) to serve as a respiratory organ with a rapidly developing vascular system'®. The CAM assay is
commonly used to perform angiogenic (or anti-angiogenic)'*-!¢ studies as well as multi-species graft transplan-
tation!’~1%, given the partial immune-deficiency of the CAM. Studies indicate the production of immune cells
(lymphocytes T and B) commences at day 11, however, the immune cells do not become fully mature until the
embryo hatches (day 21)182021,

The CAM assay has been used in tissue engineering for over 40 years as a non-innervated vascular bed?! and,
thereby, as an intermediate step in between in vitro and the in vivo models. Unlike other in vivo models, such
as the murine subcutaneous implant, the CAM assay is minimally invasive to the chick embryo and hence is a
refinement model for animal research!?. A number of studies have evaluated material constructs on the CAM
not only to examine the angiogenic response but also as an indicator of the material-tissue biocompatibility. A
plethora of materials have been examined, including collagen, silk and alginate??-%%, as well as polymer-based
constructs such as polycaprolactone (PCL), polylactic acid (PLA) and poly(lactic-co-glycolic acid) (PLGA) with
and without factors or cells”?. Despite these studies, there remain few examples that have attempted to measure
the tissue repair process ex vivo on the CAM. In 2004, Yang et al. demonstrated the potential of a BMP-2-loaded
PLA scaffold to fill a chick femur segmental defect using the CAM assay*’. The authors showed new cartilage and
matrix deposition, proving the capability of the femur to grow ex vivo using the CAM. Similar results, achieved
from experiments conducted on human tissue, would validate the CAM assay as a clinically relevant platform to
study bone regeneration.

In the present study, we have tested the hypothesis that the CAM model can support the incubation of living
human bone and provide a bioreactor for the study and understanding of bone regeneration in vivo. We used
femoral head bone samples from human subjects undergoing orthopaedic surgery and developed a bone repair
model by introduction of a small drill defect in the bone cylinders. The implantation of bone cylinders on the
innervated CAM provides a system to mimic the vascular contribution to human bone healing - something not
achievable with current in vitro models, and hence an alternative model for animal research. Moreover, the CAM
offers a step towards the development of a humanised, predictive preclinical model. A pictorial overview of the
experimental approach adopted is shown in Fig. 1.

Results

The CAM blood vessels integrate and infiltrate throughout the implanted human bone cylinders.
We first examined whether freshly isolated human bone, implanted on the CAM of the chick egg as described
in the methods section, integrated within the tissue of the CAM. Bone cylinders were incubated on the CAM or
at the air-liquid interface of growth medium (in vitro; Fig. 2A) for 7 days. The chick embryo survival rate was
72.5% +20.61 SD at the end of the implantation period (n=28-10, 4 independent experiments, Supplementary
Table S1). The gross appearance of bone cylinders was not altered following 7 days culture in vitro (Fig. 2B,C)
while the CAM-implanted bone cylinders were extensively surrounded by CAM tissue after 7 days implantation
(Fig. 21,]) with evidence of chick blood circulation around the graft site at the time of harvest (Supplementary
Video S1).

Human and avian erythrocytes displayed different histological features, which facilitated the distinction of
blood vessel origin: avian cells displayed a fusiform shape and nuclei (Supplementary Fig. S1B,D) compared to
enucleated and biconcave mammalian red blood cells (Supplementary Fig. S1A,C). As expected, only human
blood vessels containing enucleated erythrocytes were present in bone cylinders cultivated in vitro (see dashed
arrow Fig. 2F). CAM blood vessels were clearly distinguishable macroscopically during harvest (Fig. 2H-]), as
well as microscopically during histological evaluation. The CAM capillaries were apparent at the periphery of the
bone cylinder, throughout the trabeculae and in close proximity to the central defect region of the human tissue
(see arrows Fig. 2K-N). Thus, extensive CAM integration with the bone cylinders was evident by the infiltration
of the surrogate blood supply into the human tissue.

Human tissue remains viable following culture on the chick CAM. To determine whether human
cells remained viable following CAM implantation or in vitro culture, primary cultures of human cells were
derived from bone cylinders incubated for 7 days on the CAM, in vitro or maintained at 4 °C (negative control).
To achieve this, chick embryos that constitutively expressed green fluorescent protein (GFP) were used in order
to distinguish between host (GFP-CAM) and human cell outgrowths. Initial cell outgrowth from explanted bone
samples was evident both in the in vitro and CAM-implanted group after 9 days and 4 days, respectively; however,
no cells were detected from the bone cylinders maintained at 4 °C. No green fluorescence was observed in cells
derived from the bone cylinders cultured in vitro (Fig. 3A-D).

Both GFP+ and GFP— cells were evident in the CAM-implanted group, indicating differences in the ori-
gin of the cells: avian and human (Fig. 3E,F). There were morphological differences in the appearance of
GFP+ compared to GFP— cells. The GFP— cells displayed a fibroblastic, spindle-like morphology both in
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Figure 1. Experimental design. (A) Bone cylinder extraction. Human femoral heads were collected following
total hip replacement surgery and bone cylinders (6 mm outer diameter, 4-6 mm length) were extracted using
a surgical drill. (B) Engineered bone cylinders. Standard size bone cylinders were created with an empty core
of 2mm in diameter (bone defect) to facilitate CAM ingrowth and induce bone regeneration. (C) CAM-
implantation. Fertile eggs were incubated for 10 days before removing a minimal amount of eggshell to access
the CAM beneath. Bone cylinders were placed on the CAM and the eggshell was sealed to prevent infection.
Incubation was resumed for an additional week before harvesting of the bone grafts. (D) In vitro incubation:
organotypic culture. Bone cylinders were incubated at the air-liquid interface using a transwell membrane
over one week. Analysis: Bone cylinders were pCT scanned before and after incubation (C,D), followed by
(immuno) histochemical analysis. Chorioallantoic membrane of the chick embryo (CAM), micro computed
tomography (LCT).

CAM-implanted and in vitro culture (Fig. 3A,E), as well as in the bone control explanted at day 0 (Fig. 3M,N). In
contrast, chick GFP+ cells displayed variable morphology and size (Fig. 3E,EL]). The number of GFP+ cells in
the CAM-implanted group was observed to decrease towards the end of the incubation period with a majority
of GFP— cells growing in the well. Flow cytometry analysis indicated the presence of a mixture of GFP+- cells
and GFP— cells in the CAM-implanted samples after 20 days in culture, with 29.75% GFP+ and 69.35% HLA+
(Fig. 3G,H). In all cases, GFP— cells stained positively for HLA, confirming their human origin. Bone control and
in vitro culture groups showed over 99.7% of GFP— and over 99% HLA+ cells (Fig. 3A-D,M-P). In summary,
these results indicate that human cells from the bone cylinder remained viable after 7 days incubation on the
CAM, supporting the notion that CAM incubation promotes the continued survival of explanted cells.

CAM-implantation induces the deposition of extracellular matrix (ECM) and endochondral
condensations within human bone tissue. Histological examination of the CAM-implanted bone cylin-
ders demonstrated close interaction between human and avian tissues (Fig. 4A-D). CAM infiltration was evident
in the marrow space of the bone, as evidenced by the deposition of ECM (Fig. 4A) and the presence of avian
blood vessels (arrows Fig. 4B). Alcian Blue and Sirius Red staining (Fig. 4A) showed deposition of matrix rich
in proteoglycans, within which trabecular bone was encapsulated. To interrogate further the origin of the cells
laying down the new extracellular matrix in the bone tissue, GFP immunostaining was used to identify the avian
cells (Fig. 4C). GFP+ cells were ubiquitously present in the CAM and were observed in the bone marrow space,
further validating the invasion of the avian membrane into the human tissue. Furthermore, the GFP+ cells were
observed to be co-localized with areas of ECM deposition in the bone marrow (Fig. 4A,C). In vitro cultured bone
cylinders did not show any evidence of ECM deposition or GFP staining (Supplementary Fig. S2).

In addition to the close association of human and CAM tissue, cell condensations were found within CAM
tissue in close proximity to the human tissue (Fig. 5A). These condensations were composed of layers of tightly
packed cells located between the avian and human tissue (Fig. 5B-E). Antibodies specific to GFP demonstrated
the avian origin of the cell nodule (Fig. 5C). In addition, the GFP+ cells located within the nodule specifically
stained for Sox9, a transcription factor expressed by chondroprogenitors (Fig. 5E). Another marker of cartilage
matrix, collagen type II, was found in the surrounding ECM of the cell condensation nodule (Fig. 5D. These
results indicate the invasion of avian cells (GFP+) into the bone cylinder, which co-localised with new matrix
deposition and cell condensations expressing chondrogenic mesenchymal condensations.
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Figure 2. Avian blood vessels perfuse and infiltrate human bone tissue following implantation on

the chorioallantoic membrane. Bone cylinders were extracted from the same femoral head immediately
after surgery and incubated in vitro (A-G) or CAM-implanted (G-N) for 7 days. Macroscopic evaluation
was performed upon harvesting of the bone cylinders (A-C,H-]J), followed by histological examination
(D-G, K-N). Representative paraffin-embedded cross-sections of the bone cylinders following Alcian Blue
(proteoglycans) and Sirius Red staining (collagen) (D-G, K-N). Solid arrows indicate avian blood vessels.
Dashed arrow indicate human blood vessel, *bone defect area. Chorioallantoic membrane (CAM), bone
marrow (BM), trabecular bone (TB). Scale bars detailed equivalent to 500 pm (D,K), 200 pm (E,L) and 20 pm
(E,G,M,N).

Mineral dense tissue is deposited in CAM-implanted human bone cylinders. Next, to determine
if the incubation of human bone on the CAM facilitated bone mineral deposition, we measured changes in den-
sity using pCT. Bone cylinders were scanned pre and post incubation under identical scanning conditions. As
an internal standard control, bone cylinders were kept at 4°C and scanned at the same time points as the exper-
imental groups. Bone cylinders implanted on the CAM for 7 days exhibited a significant increase in bone vol-
ume (6.9% £ 1.6 SD; p < 0.01) compared to the in vitro group (—1.5% = 1.7 SD) and control (0.008% + 1.3 SD)
(Fig. 6C). Data representative of four independent experiments, using both osteoarthritic (OA) and osteoporotic
(OP) femoral heads (Supplementary Fig. S3).

To determine the nature of the tissue driving the change in the bone volume measurements, the pCT
cross-sections were further analysed applying a multi-level segmentation technique (see methods for more
detail) instead of a standard binarisation (i.e. global thresholding) (Fig. 6). Multi-level Otsu thresholding
allowed the differentiation between low (light grey) and high-density tissue (dark grey) and background (black;
Fig. 6E). The relative bone volume change of each segment (low versus high density bone) was quantified in
the CAM-implanted and in vitro-cultured bone cylinders as shown in Fig. 6F. A significant increase in the low
density tissue (12.72% £ 5.4 SD; p < 0.001) was observed, with negligible changes in the higher density tissue
(—0.26% 4.2 SD). In contrast to the effect shown in the CAM group, the in vitro treated bone cylinders dis-
played a decrease in the low density tissue (—3.02% =+ 2.3 SD) and a negligible variation in high dense tissue
(0.345% + 1.9 SD). When comparing the global and multi-level methods of analysis, there was almost a two-fold
difference between low density (12.72% = 5.4 SD, Fig. 6F) and global (6.9% =+ 1.6 SD, Fig. 6C) changes in bone
volume in the CAM-implanted cylinders. Both methods (global and multi-level), reflected similar results in the
in vitro cultured bone cylinders: negligible or negative change (Fig. 6C,F). These results indicate that low density
material deposition drove the bone volume changes in the CAM-implanted bone cylinders.

Three dimensional registration software was used to visualise structural changes from pCT analysis of bone
cylinders pre and post incubation. Co-registration paired images delineated matched (grey) and mismatched
tissue (white and black) of the pre and post scans, respectively. On overlay, correct alignment of the bone cylinder
was shown in most of the structure (grey colour in Fig. 7C,EI). An example of divergence, resulting from actual
physical change of the bone cylinder in the pre with respect to the post scan, is shown in the area highlighted
by the green circle (Fig. 7G-1). Thus, the software was able to detect movement due to the location change of
the trabecular bone spicule (Fig. 7I). One other structure was identified in the co-registered image as diver-
gence in the bone cylinder defect area (see area highlighted in red in Fig. 7C,EI). The overlay software displayed
the structure in black colour (Fig. 7I), absent on the pre scan (Fig. 7G) and present in the post scan (Fig. 7H).
Three independent observers assessed the overlay scan in 3D rendering to give an objective view, indicating the
ability to visualise changes in the bone cylinder following incubation and, in particular, the deposition of new
mineral-dense structures.
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Figure 3. Human bone tissue remains viable following 7 days implantation on the CAM. Bone cylinders
were excised and explanted in tissue culture plastic at day 0 (bone control) (M-P), day 7 of in vitro culture
(A-D) or day 7 of GFP-CAM implantation (E,F). Data collected from two independent experiments, n =3
cylinders per experiment. CAM only tissue was also explanted as GFP control (I-L). All conditions were imaged
following 15 days culture using phase contrast (A,E,I,M) and fluorescence (B,F,J,L) to localize GFP+- cells. On
confluence, cells were stained for a human specific marker (human leukocyte antigen, HLA). FACS analysis was
used to interrogate for HLA+ and GFP+- cell populations (C,G,K,0). The relative number of HLA+ and GFP+
from each treatment was quantified with respect to the number of all viable cells (D,H,L,P). Phase contrast
(PC), green fluorescent protein (GFP); Scale bars equivalent to 100 pm.

Discussion

The current study has demonstrated the potential of the CAM as an ex vivo bioreactor for the culture of human
bone tissue providing a surrogate blood supply. Integration of the human bone tissue with the CAM was evident
by macroscopic and microscopic evaluation, with extensive penetration of avian capillaries into the human bone
tissue. The human tissue was observed to remain viable after 7 days cultivation on the CAM membrane, similar to
human bone cultured in vitro. CAM-culture of human bone cylinders elicited new extracellular matrix deposition
and formation of endochondral cell condensations in the human tissue. The histological changes were further
validated using pCT, which showed a significant and consistent increase in the bone volume (p < 0.01) after 7
days of incubation on the CAM.

To our knowledge, this is the first report of the culture of viable human bone tissue on the CAM in combina-
tion with a sophisticated pCT analysis to examine tissue regeneration. A previous study has implanted human
bone on the CAM and examined the angiogenic response of the bone chips after each stage of the allograft
banking procedure?!. The authors did not report invasion of avian blood vessels in the graft and showed minimal
CAM-integration of isolated bone debris®'. In comparison, here we demonstrated infiltration of CAM capillaries
through the human tissue with extensive CAM-integration of the entire bone graft. These striking differences
could be explained by i) the length of the CAM-implantation period (2 days by Holzmann et al.>! compared to 7
days in the present report) and, ii) dissimilarities in the methodology (i.e. bone extraction, CAM assay).

The potential of this human-avian system to study bone regeneration was evidenced by the viability of human
cells following GFP-CAM implantation. Human (GFP—/HLA+) cell outgrowths displayed a spindle-like and
elongated shape morphology, typical of skeletal cells*?. In vitro treated bone cylinders demonstrated a similar cell
morphology after explant culture. Interestingly, cell outgrowth from the bone tissue was slower (9 days) compared
to cell outgrowth from CAM-implanted cylinders (4 days). We hypothesise that the CAM growth impacted on
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Figure 4. Extracellular matrix deposition localises with avian cells (GFP+) following CAM implantation.
Representative images of bone cylinders implanted on the CAM for one week and then processed for paraffin
histology. Consecutive sections were prepared for histochemistry; AS staining demarks proteoglycans in

blue and collagen as a pink colouration (A), GT detects osteoid in pink, collagen in green (B), GFP positive
immunostaining in brown-red colour, counterstained with Alcian Blue to visualize the matrix content (C) and
isotype control (D). Arrows indicate blood vessels in the CAM. Human bone marrow (BM), human trabecular
bone (TB), Alcian Blue and Sirius Red (AS), Goldner’s Trichrome (GT). Scale bar equivalent to 200 pm.

the autologous human tissue, resulting in i) enhanced cell survival as a consequence of increased nutrient supply
and ii) enhanced cell outgrowth as a consequence of matrix remodelling, which was not seen in vitro. Thus, the
cell response from the human bone grafts was enhanced following CAM-implantation in comparison to in vitro
culture.

Despite the use of xenograft material on CAM, embryo viability was reduced by only 27.5% compared to
approximately 30% in other CAM studies***, supporting the concept that the CAM offers a biocompatible model
for explant culture?>*. Moreover, a number of studies have shown the chick embryo is able to elicit a primitive
immune response?**%, further highlighting the potential of the CAM assay as a tool to evaluate graft biocom-
patibility. Valdes et al. reported the presence of heterophils, leukocytes and giant cells as well as compact fibre
deposition following 1, 7 and 11 days implantation of cotton threads, which the authors described as a chronic
fibrotic response®. In contrast, our study showed loose matrix deposition, rich in proteoglycan and collagenous
content, strongly associated with the presence of the avian cells (GFP+). The retention of embryo viability and
the absence of a sustained fibrotic response support the conclusion that the human bone tissue can integrate with
and is nourished by the CAM membrane.

Interestingly, we found evidence of cell condensations strongly expressing Sox9, an essential transcription
factor expressed by chondroprogenitors®, in the CAM tissue in proximity to the human bone cylinder. Moreover,
these cells also co-stained with GFP, confirming their avian origin. Similar cell condensations were shown by
Hancox, who implanted chick embryo calvaria fragments on CAM for 10 days*. In accordance with our findings,
cell condensations (named by Hancox ‘ectodermal pearls’) were located in proximity to the bone tissue®. These
findings are not surprising given the clinical gold standard biomaterial is bone autograft®®, which provides a
unique osteogenic microenvironment as a consequence of the plethora of growth factors within the bone matrix
(i.e. BMP, PDGE FGF) as well as the presence of viable osteogenic cells®. Hence, it is likely that the implantation
of such an osteoinductive material (i.e. living human bone cylinder) on the CAM can result in ectopic bone
formation; indeed, it is well known that BMP proteins have significant structural similarity and function across
species®.
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Figure 5. Endochondral cell condensation forms in the CAM after human bone cylinder implantation.
Representative images of bone cylinders implanted on the CAM for one week and then processed for paraffin
histology. Low magnification image shows the peripheral location of cell condensation in the CAM stained for
GT (A). Cell condensation images at higher magnification stained for AS (B) and immunohistochemistry for
GFP (C), Collagen type II (D) and Sox9 transcription factor (E). Arrows indicate blood vessels in the CAM.
Chorioallantoic membrane (CAM), human bone marrow (BM), human trabecular bone (TB), Alcian Blue and
Sirius Red (AS), Goldner’s Trichrome (GT). Representative images of CAM-implanted bone cylinders. Scale bar
equivalent to 100 pm (A) and 20 pm (B-E).

The observation of new bone or cartilage formation occurring on the CAM is supported by our pCT data,
which showed significant increases in the bone volume (p < 0.01) over the 7 day incubation period. We hypothe-
sise that the changes in bone volume were driven by: i) the deposition of new low density matrix, possibly through
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Figure 6. Bone volume is significantly increased following CAM implantation. Bone cylinders were scanned
using the same pCT parameters before and after CAM-implantation (n = 6) or in vitro incubation (n=4), or
kept at 4°C as control (n=8). (A) Raw image (grayscale) of a bone cylinder pCT scan. (B) Standard method for
image segmentation using a threshold value to differentiate mineralised tissue (white) and background (black).
(C) Bone volume was quantified using standard binarisation method. (D) Three dimensional model of a bone
cylinder pCT scan. (E) Image following the application of a three-level segmentation Otsu threshold: low dense
tissue in light grey, high dense tissue in dark grey and background in black. (F) Bone volume was quantified
following Otsu thresholding method, as previously described. Data points indicate the relative bone volume
change following incubation of each individual bone cylinder. Error bars indicate mean value 4= SD, *p < 0.01,
©p < 0.001.

CAM-derived ectopic bone formation, as evidenced by the histology; and ii) mineralisation of the pre-existing
trabecular bone. Segmentation of the grayscale datasets into three levels (multi-level thresholding)***! showed a
greater increase in the low density tissue (p < 0.001) compared to global thresholding (p < 0.01). It is worth con-
sidering that, even if bone volume was calculated as a relative change, multi-level thresholding was different for
each bone cylinder, whereas global thresholding was applied equally to all bone cylinders. Critically, multi-level
analysis allowed adaption to the subtle differences amongst the bone cylinders (structure, mineral content, com-
position: cortical versus trabecular) and thus, enhanced sensitivity when measuring specific regions of the gray-
scale histogram (i.e. low versus high density). Together, this data indicates that Multi-level Otsu thresholding
allowed quantification of subtle changes in poorly mineralised tissue and that this less dense mineral tissue may
be the main contributor to the increased bone volume measured using standard global thresholding.

In contrast to the increase in bone volume observed on the CAM-implanted bone cylinders, in vitro cultured
samples showed a reduction in bone volume. This was despite the observation of a similar level of cell outgrowth
and cell viability after 7 days incubation. In contrast, Kanczler et al. reported substantial mineralisation of early
stage chick femurs following 10 days organotypic culture*?. This mineralisation process occurred in the absence
of angiogenesis due to it being a healthy and rapidly growing embryo organ. The present study evaluated bone
from elderly patients with either osteoarthritis or osteoporosis, which is likely to grow significantly more slowly
than embryonic bone and in all probability display an altered metabolic (catabolic) profile. These results support
the conclusion that the CAM assay provides a unique vascular component in which bone tissue formation can be
evaluated in vivo.

Given that most in vivo studies start to observe mineral deposition 14 days post-fracture**, extended incu-
bation periods would be required to shed more light on this CAM-human model. The limitation of the short
incubation period was addressed in the present study by implementing high resolution computed tomography,
which allowed quantifying the subtle changes resulting of the early stages in bone regeneration. In addition, pre-
vious studies have shown that it is possible to observe bone formation within a 7 day timeframe when implanted
on CAM?. 1t is important to note that the fetal chick skeleton becomes mineralised in the time period of 10
days*, thus, it is unsurprising that in our studies we observe mineralisation during the 7 day period of exper-
imental measurement. The rapid and aggressive growth of the extraembryonic membrane has been previously
demonstrated by Steffens et al., who compared the vasoproliferative response of the CAM model with the subcu-
taneous mouse implant*. Interestingly, the authors reported micro-vessel density was higher in the 7 day CAM
assay (50.4£17.3SD), compared to the 21 days implantation in the murine model (43.5 4 16.3 SD)*. Thus, even
a short-term CAM assay, limited to 7-10 days incubation, offers a strong angiogenic response from a rapidly
developing embryo.
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Figure 7. Overlay scans of the bone cylinders pre and post CAM implantation allow detection of

new material deposition. Transaxial, coronal and sagittal scan images representative of bone graft before
implantation on the CAM (A,D,G) and after (B,E,H), respectively. Corresponding structures in the pre and post
scan are displayed in grey colour (C,F,I) while non-matching structures appear in white (pre) or black (post).
Discontinuous circle highlight areas of interest: green indicates non-aligned structure and red indicates new
deposited material.

The current study has a number of limitations including an inability to monitor bone cylinder vascularisation
throughout the incubation process. One solution would be to introduce an ex ovo (shell-less) approach, although
this method implies a viability drop down to 20-30% by the end of the gestational process®. It is worth noting
that in the absence of the eggshell, the CAM can take up mineral from other sources (i.e. biomaterials) to restore
calcium levels for skeletal development*”. The bone resorptive potential of the CAM has been known for more
than 30 years; in 1990 Webber et al. implanted bovine cortical bone on CAM and showed striking bone resorption
following 8 days implantation*®. In support of those findings, CAM-implanted bone cylinders resulted in a mod-
est decrease of high densisty bone and a significant increase of low density bone, although whether this is related
to any bone remodelling process, remains speculative. Future studies will include immune-detection of osteoclast
markers to examine bone resorption.

Conclusion

In summary, the present study describes a novel method to study human bone regeneration ex vivo using an
animal model; the CAM assay. The relevance of this methodology lies in the use of human bone tissue, freshly
derived from patients and hence a more clinically relevant situation to study bone healing. We suggest this
human-avian platform offers an alternative animal model to test novel biomaterials and constructs for tissue
engineering. This cost-effective, rapid and simple method will have a critical impact on the reduction and replace-
ment of the number of animals used in classical in vivo bioengineering models. On-going studies are focusing
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on utilising this model for biomaterial screening, applying biomaterials in the cylindrical defect area to deliver
angiogenic and osteogenic growth factors and evaluation of cell-material constructs to augment skeletal tissue
formation with exciting implications for skeletal regenerative medicine.

Materials and Methods

Human bone cylinder extraction.  Bone cylinders were extracted from adult femoral heads collected from
haematologically normal patients undergoing routine elective hip replacement surgery. Only tissue samples that
would have been discarded were used following informed consent from the patients. All protocols were con-
ducted in accordance to the Southampton & South West Hampshire Local Research Ethics Committee (Ref:
194/99/w). All experimental protocols were approved by the Southampton & South West Hampshire Local
Research Ethics Committee (Ref: 194/99/w). A dentist’s surgical drill (Osteomed, Glendale, USA) attached to a
2mm drill bit was used to make an initial perforation. An empty-core saw (6 mm outer diameter) bound to a pilot
drill (2 mm) guided the perforation of the bone cylinder outer diameter (Fig. 1A). Afterwards, forceps were used
to rescue the bone cylinder (6 mm outer diameter, 2mm empty core and 4-6 mm in length, Fig. 1B) and saline
solution was perfused through its empty core to wash off any debris. A scalpel was used to remove the articular
cartilage and standardize bone cylinder length. The entire protocol was conducted under aseptic conditions.

CAM assay. All animal procedures were carried out in accordance with the guidelines and regulations laid
down in the Animals (Scientific Procedures) Act 1986, UK and chick embryo chorioallantoic membrane experi-
mental protocols were approved and conducted under Home Office Approval UK (Project licence - PPL 30/2762)
approved at the University of Southampton. Assays were carried out according to fertilised green fluorescent
protein (GFP) transfected eggs were kindly provided by the Transgenic Chicken Facility of the Roslin Institute®.
The eggs were incubated horizontally for 10 days at 37 °C in a 60% humidified atmosphere, using a Hatchmaster
incubator (Brinsea, UK) with one hour scheduled rotation. At day 10-post fertilisation, a fine-toothed hacksaw
blade was used to make an approximate 0.5 cm? square incision on the eggshell under sterile conditions and the
eggshell window fragment was removed to access the CAM beneath. Bone cylinders were randomly distributed
(n=8-10 per experimental group) and individually placed on the CAM of the chicken embryo (Fig. 1C). Sterile
parafilm tape was used to seal back the window and the eggs were further incubated without the rotation setting.
Embryos were inspected daily by candling. After one week of incubation the bone cylinders were harvested; the
CAM integration was assessed by visual inspection and photographed with a stereomicroscope attached to a dig-
ital camera (Canon Powershot G2). The number of fully developed chick embryos according to Hamburger and
Hamilton®® was recorded and the gestational process was terminated following Home Office specific guidelines.

Organotypic culture. Bone cylinders were placed on Millicell inserts (0.4 wm pore size, 30 mm diameter,
Millipore, UK) in 6-well tissue culture plates containing serum-free basal media (¢! MEM, Lonza, Switzerland,
with 100 U/ml 100 pg/ml of Pennicilin G and Streptomycin, PAA, USA). Bone cylinders were incubated at 37°C
and 5% CO, for a week; medium was replaced every other day during that period (Fig. 1D).

Bone viability assessment post incubation (1): cell outgrowth from explant culture. After
incubation, bone cylinders and CAM tissue were collected under sterile conditions and sliced into small frag-
ments (2-3 mm) using a scalpel. Bone fragments were evenly distributed through the surface area of a well of
a 6-well-plate containing minimum amount of basal media with 10% serum to cover the surface. The plate was
maintained at 5% CO, at 37 °C, and the media were replaced every 5 days for the first 10 days. After 10 days, the
tissue fragments were removed from the well using sterile forceps, followed by repeated 1x PBS washing steps to
remove any remaining tissue. The cultures were further incubated for 10 more days with media changes every
other day. Cells were trypsinised at 90% confluence and prepared for fluorescence-activated cell sorting (FACS)
analysis.

Bone viability assessment post incubation (ll): Human Leukocyte Antigen (HLA) detection by
FACS. Cells suspensions were washed (2x) in FACS buffer (2% foetal bovine serum and 0.1% sodium azide in
PBS) before incubating with W6/32 mouse anti-human HLA-A-B-C monoclonal antibody (kindly provided by
Prof. Tim Elliot, CSU, University of Southampton, UK) at 10 pg/ml, for 30 minutes at 4 °C. Following FACS buffer
washes (2x), goat anti-mouse IgG (H+ L)-AF647 (A-21237, Life Technologies, UK) was used for the secondary
antibody incubation (1:2000 dilution) at 4 °C for 30 minutes and the cells were further washed (2x) with FACS
buffer. Cells stained with secondary antibody only and non-stained cells were used as controls for non-specific
antibody binding and autofluorecence, respectively; using these controls, gating for each sample was applied
accordingly. A FACS Canto I Flow cytometer (BD Biosciences, San Jose, USA) was used to run the samples and
data were analysed using FlowJo v10 software (Ashland, USA).

Micro computed tomography (uCT) analysis.  Bone cylinders were scanned before and after incubation
using the same parameters. The bone fragments were scanned individually in sterile microcentrifuge tubes using
SkyScan 1176 (Bruker, Kontich, Belgium). Bone cylinders were scanned using the following settings: X-ray source
50kV, 500 1A, 496 ms exposure time and a voxel size of 18 um. Once the scans were completed, the raw data
was reconstructed using NRecon software with correction for misalignment, ring artefacts and beam hardening
(30%). The pre- and post-implantation reconstructed datasets of the same bone graft were orientated in the same
position using DataViewer software for consistent analysis. 3D registration tool of DataViewer was used to match
pixels of the same density on the same location of sequential scans. Global thresholding was applied on the pre
and post scans. CTAn software was employed to quantify the bone volume of each individual cylinder pre and
post incubation and the relative change was calculated as a percentage of the pre scan. CTvox was implemented
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to create and visualise the 3D models of the bone cylinders. All the software was from SkyScan, Bruker, Kontich,
Belgium.

Multi-level Otsu thresholding was applied to the scan datasets in addition to the standard analysis (global
thresholding). Otsu’s algorithm consists of clustering pixels into different classes such that the variance between
each class is maximal. The Otsu algorithm is commonly used for image binarisation (two classes) and the same
principle can be used to segment into additional classes. The present study used Otsu segmentation into two
levels, separating pixels into three classes: high density, low density and background (Fig. 6E). To apply Otsu
multi-level thresholding, pre and post scans of each bone cylinder were orientated on the same transaxial plane
and an automated region of interest (ROI) was designed to select the full diameter. These segmented images were
saved as a new dataset (Fig. 6E). Bone volume was calculated for the high density and low density classes as well
as the relative change between pre and post incubation (%).

Histology and immunohistochemistry analysis. Bone cylinders were fixed in 4% paraformaldehyde
in PBS at 4°C for 24 hours and decalcified by incubating in Histoline (Histoline, Milan, Italy) for 24 hours in
rotation at 4°C. Complete demineralisation was confirmed using flat X-rays (Faxitron). Samples were then pro-
cessed for paraffin sectioning (5um) and stained as described by Smith et al.>! for Alcian Blue (proteoglycans)
and Sirius Red (collagen) and Goldner’s Trichrome (collagen in green, osteoid in red/pink and bright red for cell
cytosol). Immunohistochemistry for Sox9 and collagen type II was performed as described by Kanczler et al.*2,
positive staining identified in red-brown colour. GFP detection was performed using a rabbit polyclonal anti-GFP
(2555, Cell Signalling, New England Biolabs, UK) at a 1:100 dilution in combination with SignalStain® Boost
(8114P, Cell Signalling, New England Biolabs, UK) following the manufacturer’s protocol. All immunostaining
was matrix-counterstained with Alcian Blue (proteoclycans) and IgG isotype antibody was used for controls.
Images were captured with an Olympus BX-51/22 dotSlide digital virtual microscope.

Statistical analysis. All experimental data were analysed using Statistical Analysis SPSS Base 16.0 software
for Windows. Results were expressed as the mean & SD and plotted using GraphPad Prism. Normal distribution
of the data was confirmed by the Kolmogorov-Smirnov test. Comparisons between treatments were performed
using the one-way ANOVA test including Tukey post-hoc test. Values of p < 0.01 were considered statistically
significant.
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