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Highlights

e Chondrogenesis of a tissue-engineered cartilage graft is feasible in
immunocompetent small animals

¢ Immunocompetent and immunodeficient animals lead to analogous results in
terms of chondrogenesis, as long as the implanted cells are shielded from the host
by a biomaterial

¢ Subcutaneous implantation in small animals with a complete and human immune
system could help to predict the outcome of engineered grafts for cartilage

applications

Abstract

Choosing the best ectopic in vivo model for cartilage engineering studies remains
challenging and there is no clear consensus on how different models compare to one
another. The use of xenogenic cells can often limit the choice to immunocompromised
animals only and thus prevents the understanding of how tissue-engineered grafts
perform with potential active inflammatory and immunological responses. The aim of this
study was to evaluate the chondrogenic potential of a recently developed hydrogel,
hyaluronan transglutaminase (HA-TG), in four mouse strains with varying immune

systems: NSG, nude, NSG-SGM3 humanized and C57BL/6. The hyaluronan-based hydrogel
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was implanted subcutaneously for 4 weeks after an in vitro pre-culture time of 4 weeks.
Scaffolds were prepared without cell seeding as the control and in combination with
either human auricular chondrocytes (hAUR) or human fetal chondroprogenitor cells
(hCC). We have seen that constructs were able to maintain their volumes and resisted
vascularization as well as macrophage infiltration in vivo. Both hAUR and hCC maintained
and produced ECM in vivo, but hAUR showed higher levels of innate collagen 2 even
without mechanical stimulation. Collagen 1 and 2 deposition as well as mechanical
properties of the scaffolds were comparable in all mouse strains. The C57BL/6 mouse
model consistently displayed higher levels of C-reactive protein (CRP), serum amyloid A
(SAA), and serum amyloid protein (SAP) in serum as a reaction to the foreign material and
human cells. In addition, the number of CD68+ and CD163+ macrophages as well as CD3+
lymphocytes around the constructs in C57BL/6 mice was significantly higher than in
humanized and immunocompromised mouse models. The results show that it is possible
to engineer a cartilage-like graft subcutaneously not only in immunocompromised, but

also in immunocompetent and humanized mouse model.
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1. Introduction

In vivo testing plays a key role in tissue engineering and in providing the pre-clinical data
necessary to bring new therapies to the clinic [1]. Despite recent advances with in vitro
techniques such as bioreactors, organ-on-a-chip and organoids, animal models remain
critical, particularly for safety assessment of tissue engineering components. This is no
exception in the cartilage repair field where animal models continue to be required for
regulatory approval of biologics and devices [2]. Nevertheless, choosing the appropriate
animal model for the assessment of new cellular-, drug- or biomaterial-based strategies
for cartilage repair remains a major challenge. Animal type, size and physiological
differences inter- and intra-species can have a significant influence on the outcome of a
study. Additionally, the limited ability of cartilage to regenerate has driven the
development of cell-based and tissue engineering techniques [3] which often involve the
use of allogenic cells [4-6] and allografts [7-9]. The widespread use of
immunocompromised mice for preclinical studies often prevents a full understanding of
how tissue-engineered constructs perform in terms of chondrogenesis and inflammatory

response when exposed to an active immune system.

Under current regulatory scrutiny, a number of aspects need to be kept in consideration
when choosing the animal model for cartilage tissue engineering. Despite the value of
large animal models, there are still ethical, economical and technical constraints that
prevent their wide-spread utilization and acceptance [1]. Furthermore, despite the recent
advances in gene-editing techniques like CRISPR-Cas9, the availability of transgenic
models in large animals is still limited [10]. Rodents, and particularly mice, are affordable,

easy to manage and can provide proof-of-concept data in a time-effective manner. They

4
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can be genetically modified to insert and delete specific genes and they are commercially
available in a variety of athymic, transgenic and knockout strains. Therefore they are
usually a first choice in cartilage engineering studies for screening purposes and to bridge
the gap between in vitro experiments and large animal preclinical studies [11].
Chondrogenesis for cartilage engineering strategies has been extensively studied in
murine models by subcutaneous implantations. The subcutaneous implant model was
developed due to the limited joint size and cartilage thickness of mice [11, 12] and allows
the evaluation of tissue-engineered constructs to sustain and induce cartilage formation
in an ectopic site as well as the ability of the construct to resist cellular infiltration.
Athymic nude mice, which have a limited adaptive immune response, are the most
commonly used strain of mice in cartilage engineering [12]. They are hairless and their
lack of the thymus prevents them from having a cell-mediated immunity [13]. Indeed in
nude mice, the immune response to foreign and  xenogeneic  bodies
does not involve the activation of antigen-specific T lymphocytes and the consequent release
of cytokines. Another widely-used mouse strain is the NOD (non-obese diabetic) SCID
(severe combined immunodeficiency) gamma, or NSG. NSG mice are among the most
immunodeficient mouse strain described to date, lack mature T cells, B cells, and natural
killer (NK) cells and have a defective innate immune system [14].

In the attempt to reduce the gap between pre-clinical and clinical studies, mouse-human
chimeras, or humanized mice, have been developed [15]. Humanized mice are
immunodeficient mice engrafted with human hematopoietic cells or human peripheral-
blood mononuclear cells. Of these mice, the NSG™-SGM3 transgenic strain contains three
co-injected human transgenes, the Stem Cell Factor (SCF), the Granulocyte/Macrophage
colony factor 2 (GM-CSF) and the interleukin-3 (IL-3). Thanks to this triple transgenic

modification, NSG™-SGM3 mice constitutively express cell proliferation and survival
5
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signals and support a stable engraftment of human hematopoietic cells. This strain is
gaining popularity in the immune-oncology field to understand the interactions between
human immune cells and specific patient-derived tumors due to its high count of human
immune cell populations (i.e. CD19+ B cells, CD3+ T cells, CD33+ myeloid cells) [16-18].
Additionally, they have proven to be a very valuable tool in the study of the human
immune system development and dysfunction as well as in the modelling of several
human diseases (e.g. infectious diseases such as Epstein Barr virus infection and HIV, and
autoimmune diseases such as diabetes and arthritis) with minor logistical and ethical
concerns [19]. Nevertheless, current humanized mice lack secondary lymphoid tissue and
can only partially mimic the complexity of a fully developed, human immune system,
which is the coordinated response of stromal, lymphoid, myeloid and secondary lymphoid
structures. Furthermore, the remaining murine immune system prevents the complete
human engraftment and murine cytokines do not fully support human myeloid and
lymphoid development [20, 21]. While effort are currently undergoing to overcome these
limitations, it is still an open question whether humanized mice could be used in the tissue
engineering field and represent a useful model in the preclinical study of tissue-

engineered graft transplantation.

Despite the widespread use of immunodeficient mice for the subcutaneous implantation
of engineered constructs for cartilage repair applications, there is no consensus as to
whether this should be the ideal choice for a mouse model. The recent development of
humanized mice has furthermore raised the question of whether these chimeras would

represent a suitable animal model for the field.

The aim of this study was to evaluate and compare the chondrogenic potential of a

recently developed tissue engineered scaffold for cartilage repair applications in four

6
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different mouse strains, namely NSG, nude, NSG-SGM3 humanized and C57BL/6. The
biomaterial used was a hyaluronan-based hydrogel [22, 23], produced by functionalizing
the hyaluronan (HA) backbone with transglutaminase (TG) crosslinkable peptides,
hereby addressed as HA-TG. The material was investigated alone and in combination with
one of two cell types of different origins: human auricular chondrocytes (hAUR) and
human fetal chodroprogenitor cells (hCCs) (Figure 1). We investigated how differences in
the innate and adaptive immune systems of the mouse strain affect the quality and
amount of extracellular matrix (ECM) produced and maintained by the cells. hCCs are a
newly proposed cell source [24], which have previously shown to produce phenotypically
stable cartilage in combination with HA-TG in vitro [22] and in different collagen scaffolds
in an in vivo subcutaneous mouse model [25]. Allogeneic cells derived from fetal or
juvenile tissue have the additional benefit of not only having a more stable phenotype and
higher chondrogenic potential than adult articular chondrocytes [26], but also lower
immunogenicity [27]. Fetal chondroprogenitors have high stability and therefore very
large quantities of cells may be prepared from one, single organ donation allowing for the
development of Master and Working Cell banks (MCB & WCB). These cell banks provide
a long-term solution as the cells can be thawed just before use in transplantation.
Alternatively, auricular chondrocytes are currently emerging as a potential autologous
cell source for tissue engineering purposes due to their ease in harvesting from the
patient, enhanced proliferation capacity, high and reproducible chondrogenic potential
after in vitro expansion and the quality of the generated tissue [28]. Importantly, auricular
chondrocytes can be obtained from a cartilage biopsy with minimal donor site morbidity
compared to articular cartilage sites and therefore are suitable for autologous

applications in a clinical setting.
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Figure 1 Schematics of the study. Cell-laden (either human auricular chondrocytes, hAUR or human fetal
chondroprogenitors, hCCs) and acellular hyaluronic acid-transglutaminase (HA-TG) hydrogels were prepared. HA-TG
synthesis was achieved by functionalizing the side chains of a hyaluronan backbone with transglutaminase (TG) substrate
peptides coupled to a spacer. Gelation occurred via crosslinking of the two TG peptides and was triggered by addition of
activated factor XIII (FXIII) in presence of calcium. The constructs were subcutaneously implanted in four mouse strains

with varying immune systems: NSG, nude, NSG-SGM3and C57B6/6.
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Materials and Methods

2.1 Chemicals

All chemicals were purchased from Sigma-Aldrich unless stated otherwise.

2.2 Cell sources

Human hCCs were isolated from the proximal ulnar epiphysis of a 14 week gestation
organ donation (same donor as used in Darwiche et al. [24] and Studer et al. [25], Centre
Hospitalier Universitaire Vaudois, Ethics Committee Protocol No. 62/07) and registered
under the Federal Transplantation Program complying with the associated laws, Biobank

procedures and regulations.

Human auricular chondrocytes (male, 17 years old) were isolated from auricular cartilage

of otoplasty patients after having received informed consent (BASEC-Nr.2017-02101).

2.3 Cell isolation, culture and expansion

e hCC. The biopsy was collected and processed as previously described [24] except
that Trypsin/EDTA (Thermo Fisher Scientific) was used during processing to
prepare more uniform populations from the tissue and no antibiotics were used
for cell culture to develop the MCB. A WCB was developed for the project that was
derived from the MCB from the organ donation to provide equivalent cells
throughout the current project. The cells were expanded to passage 4 in Dulbecco's
modified Eagle's medium (DMEM; Gibco) containing 10% v/v FBS (Gibco), 2 mM

L-glutamine (Gibco) and 10 pg/ml Gentamycin (Gibco).
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hAUR. The cartilage pieces were washed extensively with PBS containing 50 pg/ml
gentamicin and incubated in 0.5% w/v pronase solution for 1.5 hour. The cartilage
was then minced into pieces of 1-3 mm?3 and digested in 0.12% w/v collagenase
solution (DMEM, 12 mg/ml collagenase from Clostridium histolyticum, 10% v/v
FBS) overnight with gentle stirring at 30°C. The resulting cell suspension was
passed through a 40 pm cell strainer before collecting the cell pellet by
centrifugation (500 rcf for 10 minutes). The cells were plated at 10’000 cells/cm?2
and expanded to passage 2 in DMEM, 10% v/v FBS, 10 pg/ml gentamycin and 50

ug/ml L-ascorbate-2-phosphate at 37°C, 5% CO2 and 95% humidity.

2.4 HA-TG synthesis and hydrogel formation

HA-TG synthesis. HA-TG hydrogel precursors were synthesized as described
previously by Broguiere et al. [23]. Briefly, 400 mg of HA sodium salt (Lifecore
Biomedical, 1.01-1.8 MDa), and 23.8 mg of 3,3’-Dithiobis(propanoic dihydrazide)
(Frontier Scientific) were dissolved in 160ml of 150mM MES solution. Thereafter
38.4 mg of 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (Fluka) was added
dropwise and left to react overnight. 143.33 mg of TCEP-HCI (Fluorochem) was
added, and the reduction left to proceed overnight. The product was dialyzed
against ultrapure water balanced to pH 4.5. The recovered solution was added
dropwise into a solution of 1 ml divinyl sulfone (DVS) in 40 ml of 300mM
triethanolamine (TEOA) buffer, pH 8.0. The reaction was left to proceed for 8h at
RT and then dialyzed against ultrapure water to yield vinyl sulfone-substituted HA
(HA-VS). The recovered HA-VS was split in two equal parts. One half was
functionalized with a substrate peptide that provided a reactive glutamine residue

(TG/GIn: NQEQVSPL-ERCG) and the other half with the peptide providing the
10
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reactive lysine (TG/Lys: FKGG-ERCG). For conjugation, 10 ml of TEOA buffer 300
mM, pH 8.0 was added to each HA-VS portion and the peptides were added at 1.3
excess over the 10% DVS substitution. The reactions were allowed to proceed
overnight without stirring. Finally, the products were dialyzed against ultrapure

water, sterilized by 0.4 um filtration, lyophilized and stored at -80°C until use.

Cell encapsulation. Cells (either hCC or hAUR) were suspended at a concentration
of 15 million cells/ml in HA-TG. The gelation was triggered as described by
Broguiere & Cavalli et al. [22]. Briefly, the gel precursors were resuspended at 2%
w/v in sterile filtered TBS (NaCl 150mM, CaClz 50 mM, TRIS 50 mM, balanced to
pH 7.6). The crosslinking was initiated by adding thrombin (Baxter) and factor XIII
(Fibrogammin, CSL Behring) to a final concentration of 12.5U/ml and 10U/ml
respectively. The gels were quickly cast in UV-sterilized PDMS cylindrical molds
(SYLGARD 184, Corning, diameter=4mm, height= 2mm) adhered to 10 mm glass
coverslips. The gels were allowed to crosslink for 15 minutes at 37°C before adding
chondrogenic medium, consisting of high glucose DMEM supplemented with 10
ng/ml transforming growth factor 33 (TGF-33, Peprotech), 50 pg/ml L-ascorbate-
2-phosphate, 40 pg/ml L-proline, 0.5% penicillin-streptomycin (Gibco) and 1%
ITS+ Premix (Corning). The PDMS molds were then detached from the cover slip
and the gels left free floating.

Gels without encapsulated cells were prepared as well and used as controls. The

cultures were maintained for up to 8 weeks, replacing the medium 3 times a week.
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2.5 Subcutaneous implantation

Animal studies were performed in compliance with the ethical license (Application No.
ZH189/2014). Nude (Crl:NU(NCr)-Foxnlnu) and Black 6 (Crl:C57BL/6], indicated in the
figures as Bl6) animals were obtained from Charles River, while NOD scid gamma (NSG)
and CD34+ humanized (NSG-SGM3, indicated in the figures as hu-NSG) mice were
obtained from The Jackson Laboratory. All animals were female with an age of 2-3 months
and a weight of 23 g + 4g. NSG-SGM3 animals were engrafted using fetal CD34+ cord blood
cells purchased from Lonza (as the Certificate of Analysis states “The cells were isolated
from donated human tissue after obtaining permission for their use in research
appplications by informed consent or legal authorization”, Lot N. 0000625909). The
animals were used 18 weeks post engraftment, when the highest number of myeloid cells
was present (Supplementary Table 1). Animals were housed in groups of 4-5 and allowed

to move without restrictions. Standard food and water were provided ad libitum.

Different conditions were investigated during the study: HA-TG alone (acellular), HA-TG
with hCC and HA-TG with hAUR. Following randomization, six scaffolds of each condition
were subcutaneously implanted after 4 weeks of preculture in four different mouse
strains: C57BL/6, nude, NSG and NSG-SGM3. Six constructs per condition were further
cultured in vitro. Three animals were used for each experimental condition, for a total of
9 mice per strain. Mice were anesthetized with 4.5% isofluorane and Meloxicam
(Metacam, 2 mg/kg) was administered via subcutaneous injection before surgery. Eye
cream was applied to prevent desiccation of the cornea and the anesthesia was continued
with 1.5-3% isoflurane. Two incisions were made in the skin lateral to the dorsal midline
at the level of the hip joint and constructs were placed subcutaneously. The incisions were

closed with surgical staples (3M), which were removed after 1 week. Blood samples were

12
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collected 10 days before surgery through puncture of the Vena Saphena and at the end of
all procedures and experimentation via heart puncture. After 4 weeks, the animals were
euthanized via CO:z asphyxiation and the explants fixed for 2 hours in 4%

paraformaldehyde.

2.6 Histology and immunohistochemistry

After dehydration, samples were paraffin embedded and 5 pm sections were cut using a
microtome. Collagen 1 and 2 staining were performed after 30 minutes of 0.2% (w/v)
hyaluronidase digestion at 37 °C and 1 hour blocking with 5% normal goat serum (NGS)
with 1:1500 diluted rabbit anti-collagen 1 (Abcam ab138492) and 1:200 diluted rabbit
anti-collagen 2 (Rockland 600-401-104) antibodies. CD68, CD163 and CD3 stainings
were performed after heat-mediated epitope retrieval in sodium citrate buffer at pH 6 for
20 minutes, permeabilization in 0.3% v/v Triton-X for 15 minutes and 1 hour blocking
with 5% NGS with 1:200 diluted rabbit anti-CD68 (Abcam ab125212), 1:200 anti-CD163
(Abcam ab182422) and 1:100 anti-CD3 (Abcam ab5690) antibody respectively. Negative
controls were performed using a rabbit IgG isotype control (Novus Biologicals, NBP2-

24891) diluted 1:200.

All primary antibodies were diluted in 1% w/v NGS in PBS and incubated overnight at
4°C. Alexa Fluor 594 Goat Anti-Mouse IgG (Thermo Fisher Scientific, A11005) and Alexa
Fluor 488 Goat anti-rabbit Alexa 488 (Thermo Fisher Scientific, A11008) secondary
antibodies were used at 1:200 dilution in 1% NGS in PBS for 1 hour at RT. Finally, the
slides were incubated for 15 minutes with the nuclear stain DAPI (Molecular Probes) and

mounted with VectaMount AQ Mounting Medium (Vector Laboratories).

13



276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

Safrainin O/Fast Green and hematoxylin and eosin (H&E) staining were performed using

standard protocols.

All of the images in the same figure were acquired using an automated digital slide scanner

(Panoramic 250 Flash III, 3D Histotech) using the same exposure time and light intensity.

For semi-quantitative analysis of collagen 1 and 2, the 8-bit integrated density of the
stainings were analyzed using Image] v1.51 software (National Institutes of Health). For
quantification analysis of CD68 and CD163, positively stained cells were counted in
randomly selected regions of interest in the fibrous capsule around the scaffolds and

expressed as the mean number of cells per region of interest (cells/ROI).

2.7 Mechanical testing

Scaffolds were tested under unconfined compression using a TA.XTplus Texture Analyser
(Stable Microsystems) with a 500 g load cell. After careful removal of the fibrous tissue
around the scaffolds, the compression probe was brought in close contact with the sample
and a slight preload applied to ensure proper contact of the probe with the surface of the
sample. Samples were compressed to a strain of 15% at a loading rate of 0.01 mm per
second. The compressive modulus E was calculated as the slope of the linear range of the
stress-strain curve. It has to noted that, despite being careful and as accurate as possible
in removing the fibrous tissue, the difference in fibrous capsule thickness might have
affected the results of the mechanical testing and in particular for the softer, acellular

scaffolds.
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2.8 Ultrasound and photo-acoustic imaging

The Vevo LAZR (Visualsonics) system with a LZ550 transducer was used to perform high-
frequency ultrasound and photoacoustic imaging for the visualization and quantification
of scaffold volumes and oxygen saturation surrounding the implants. The images were
acquired 1 week post-surgery and right before sacrifice via excitation of the tissues with
high-frequency ultrasound waves for volume monitoring and with non-ionizing laser
pulses for blood flow analysis.

Oxy- and deoxy-hemoglobin absorb near infrared light differently, therefore
photoacoustic imaging can be used to generate a high-resolution parametric maps of the
oxygen saturation of blood in real-time. Total hemoglobin content was visualized by
exciting the tissue around the implant with laser pulses at 700nm while the oxygen
saturation was assessed using the Oxyhemo mode, a software algorithm that uses a dual
wavelength (750 and 850 nm) approach. The volumes of the scaffolds were calculated at
each time point by scanning the implant using the 3D mode with a motorized scan stage
at a step size of 0.2 mm. The scans were manually processed to identify the scaffold
contours and used to reconstruct the scaffold volumes.

The imaging is a non-invasive, painless procedure conducted under anesthesia that lasts

no longer than 30 minutes per animal assessments.

2.9 Serum inflammation marker analysis

Mouse blood serum was prepared by clotting the whole blood for 2 hours at RT followed
by centrifugation at 3’000 rcf for 20 min at RT. The supernatant was then collected and
frozen at -80°C until further analysis. Values were normalized to baseline levels of serum
obtained 10 days before surgery.

15
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Multiplex assay. The serum concentrations of the cytokines IL-1f, IL-4, IL-6, IL-10
and TNF-a as well as the C-reactive protein (CRP) were quantified using multiplex
immunoassay technology xMAP on a MAGPIX instrument (Luminex) according to
manufacturer’s instructions. Mouse serum was diluted 1:2 with compatible
“Universal Assay Buffer” and measurements were performed with a custom-
designed multiplex assay kit (IL-1p - EPX01A-26002-901; IL-4 - EPX01A-20613-
901; IL-6 - EPX01A-20603-901; IL-10 - EPX01A-20614-901; TNF-a - EPX01A-
20607-901, CRP - EPX01A-26045-901 ProcartaPlex assays; ThermoFisher).
Protein levels were measured in technical duplicates for each of the 36 animals.
The calibration was performed using a serial dilution of the standard mix provided
with the multiplex kit. Data were fitted using a four-parameter logistic regression
model. The quantification of the lower limit of detection (LOD) using this system
was 2.2, 0.2, 0.2, 0.1, 1 and 2.7 pg/ml for IL-10, IL-1§, IL-4, IL-6 and TNF-q,

respectively.

Enzyme Linked Immunosorbent Assay (ELISA). Pentraxin 2 (PTX 2), also known
as Serum Amyloid P (SAP), and Serum Amyloid A (SAA) levels in mouse serum
were quantified using Quantikine® ELISA kits (MPTX20 and MSAOQO respectively,
R&D Systems) according to manufacturer’s instructions. For the SAA ELISA assay
mouse serum was diluted 1:200. For SAP analysis, serum was diluted 1:400 with
the exception of C57BL/6 serum that was diluted 1:100 due to different levels of

endogenous SAP.

16



341

342

343

344

345

346

347

348

349

350

2.10 Statistical analysis

All data are reported as mean * standard deviation. Statistical analysis was performed
with Matlab (Matlab 2017b, MathWorks). Comparison of results was carried out by 2-way
analysis of variance (ANOVA) using Tukey's multiple comparison post hoc test for
significance. The different mouse strains were compared between each other with
Bonferroni post-hoc tests and their statistical significance indicated in the graphs with
asterisks (*p<0.05, **p<0.01, ***p<0.001). The F values and the p values of the ANOVAs
are reported in the respective figure captions. Significant differences between the cellular

conditions were similarly assessed and are reported in the respective result sections.
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351 Results

352 2.1 Macroscopic appearance, volume retention and vascularization

353 of the scaffolds
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355 Figure 2 A: Ultrasound and photoacoustic images of HA-TG constructs 4 weeks after implantation. Photoacoustic images
356 are depicted as overlay of ultrasound and heat map of oxygen saturation. Scale bar: Imm. B: Relative volume

357 quantification (week 4/ week 1) of ultrasound images. Asterisk (*p<0.05) indicates the statistical differences between
358 mouse strains (F(3,24) = 4.576, p=0.011). C: Macroscopic images of HA-TG hydrogels after explantation. Scale bar: 2mm
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Ultrasound scans of cell-laden and acellular constructs (Figure 2A4) revealed the
homogenous structure of the constructs with the cellular scaffolds being brighter than the
acellular ones, suggesting that those tissues are denser and with a lower fluid content,
likely due to their higher collagen content. The oxy-hemo photoacoustic images (Figure
2B and Supplementary Figure 1) of the constructs showed an absence of oxy-hemoglobin
inside the scaffolds. On the other hand, the tissue that surrounded them appeared to be
highly vascularized. Quantification of the ultrasound images acquired with the device’s
3D mode showed that the scaffolds retained 60 to 95% of the initial volume. Acellular
scaffolds showed a reduction of volume compared to both hCC (*p<0.05) and hAUR
(***p<0.001) containing scaffolds. No statistically significant difference in volume
reduction was observed between the cellular conditions across mice while there was a

significant difference between NSG and nude mice (*p<0.05).

Shape retention and lack of vascularization could also be observed from the macroscopic
pictures (Figure 2C) of the constructs after explantation from mice. No adverse effects or
macroscopic signs of toxicity such as necrosis of nearby tissue, edema or hyperemia were

observed.

2.2 Chondrogenesis of hCCs and hAURs in HA-TG hydrogels

Both cellular conditions resulted in high amounts of extracellular matrix (ECM) produced
in vitro during pre-culture (Supplementary Figure 3). Yet, only hAUR were able to maintain
and/or produce collagen 2 consistently in vivo (Figure 3). In hAUR-seeded scaffolds
collagen 2 appeared homogeneously distributed throughout the constructs with a dense

ring in the outer border of the scaffolds implanted in nude animals. These results were
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confirmed by semi-quantitative analysis of the staining intensities (hAUR vs. hCC,

*%p<0.001).

Collagen 1 production was comparable in all mouse strains, while for hCC it was
homogeneously distributed through the cross section, for hAUR it was only present in the
outer border. The differences in collagen distributions could be due to a different cell
response to nutrients, growth factors and oxygen, although more studies will be required
to clarify it. The integrated density quantification showed no significant difference

between the mouse strains.
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Figure 3 A: Collagen 2 and collagen 1 histological staining with DAPI counterstaining of cell-laden HA-TG hydrogels after
4 weeks of in vitro pre-culture and 4 additional weeks in vivo. Scale bar close up: 100um, scale bar insert: 500um. B:
Quantification of collagen stainings. The integrated density of the staining was used for semi-quantitative analysis of
collagen 2 and 1. Asterisks (**p<0.01, ***p<0.001) indicate the statistical differences between mouse strains (F(3,60)=9.71,
p<0.001 for collagen 2 and F(3,48)=6.10,p=0.001 for collagen 1).
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2.3 Mechanical properties of HA-TG scaffolds
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Figure 4 Stress strain curves of compression tests from in vivo samples after explantation and in vitro samples after 49
days. Compressive modulus of cellular and acellular samples corresponding to the depicted stress strain curves. Asterisks
(*p<0.05, **p<0.01) indicate the statistical differences between mouse strains and/or in vitro controls (F(4,30)=8.38,
p<0.001).

A significant increase in compressive modulus of the constructs compared to the acellular
gels was observed as a result of matrix produced by hCCs and hAUR (Figure 4). Acellular
scaffolds in vitro maintained their mechanical strength over 7 weeks (E = 4.7 £ 1.2 kPa)
while acellular scaffolds in vivo displayed different behavior: samples implanted in NSG
and hu-NSG mice maintained their strength (E = 8.4 + 4.0 kPa, E = 7.0 + 5.4 kPa,
respectively), while samples implanted in nude mice decreased in strength compared to
the time of implantation (E = 1.2 + 0.1 kPa) and samples implanted in C57BL/6 increased
in strength (E = 30.4 + 1.6 kPa). Both cell types led to a significantly higher modulus
compared to acellular scaffolds (***p<0.001) and hAUR performed significantly better

than hCCs (***p<0.001). All mouse strains led to comparable compressive moduli, with
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only NSG and nude mice resulting in significantly lower moduli than in vitro controls

(**p<0.01 and *p<0.05).

2.4 Inflammation markers
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Figure 5 Acute phase inflammation markers CRP, SAA and SAP detected in mouse serum 4 weeks post-implantation and
normalized to baseline values acquired 10 days before surgery. Asterisks (*p<0.05, **p<0.01, ***p<0.001) indicate the
statistical differences between mouse strains (F(3,24)=3.96, p=0.020 for CRP, F(3,24)=5.73, p=0.004 for SAA, F(3,24)=12.42,
p<0.001 for SAP).

CRP, SAA and SAP are acute phase proteins (APP), primarily synthetized by hepatocytes as
part of the acute phase response [29]. Although not specific, APP upregulation is triggered by
different stimuli including trauma, infection, stress and inflammation with the goal of
reestablishing homoeostasis [30, 31]. In mice SAA and SAP are considered major acute
phase proteins, meaning that they can be increased 10- to 100-fold. CRP, on the other hand, is
a moderate acute phase protein and can be upregulated 2- to 10-fold following a stimuli [29,

32].

CRP levels in serum (Figure 5) at 4 weeks after surgery showed no increase to baseline
levels (Supplementary Table 3) in NSG, nude and humanized NSG-SGM3 mice. 2.0 £ 1.0
and 1.4 * 0.7 fold increase were observed in C56BL/6 mice for hAUR and acellular

scaffolds respectively. No significant differences were observed between the cellular and
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acellular conditions across strains and, although hCC seeded scaffolds routinely showed

lower CRP values, they were not significantly different.

SAA levels in serum (Figure 5) were significantly higher (**p<0.01) in humanized NSG-
SGM3 and C56BL/6 mice (2.2 £ 1.1 for hCC, 0.56 + 0.2 for hAUR, 2.0 £ 0.8 for acellular and
1.3 £ 0.3 for hCC, 1.6 £ 0.2 for hAUR, 1.8 + 0.7 for acellular respectively) than NSG (0.7 +
0.5 for hCC, 0.4 = 0.1 for hAUR, 0.7 £ 0.6 for acellular). Both cell-loaded scaffolds led to an
overall downregulation of SAA levels compared to acellular scaffolds (with hAUR showing
a significant difference to acellular, **p<0.01). SAP levels in serum (Figure 5) followed a
similar trend, with the lowest values found in NSG mice (0.9 + 0.3 for hCC, 0.7 £ 0.2 for
hAUR, 1.3 £ 0.3 for acellular) and the highest in C56BL/6 mice (1.4 + 0.3 for hCC, 1.1 £ 0.2
for hAUR, 1.3 £+ 0.1 for acellular). Similarly, hAUR and hCC led to an overall
downregulation of SAP levels compared to acellular scaffolds (*p<0.05 for hAUR vs
acellular) showing that cellular associations have a positive effect on the biomaterial

implantation.
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444 2.5 Macrophage presence and infiltration
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Figure 6 A: CD68 and CD163 histological staining with DAPI counterstaining. Images being cross-sections of the scaffolds
and fibrous capsule with the scaffolds in the bottom part of the image, below the dotted white lines. Scale bar: 50 um. .
Higher magnification is provided at the bottom of each image. Scale bar: 100 um. B: Quantification of CD68 and CD163
positive cells per region of interest (ROI). Asterisk (***p<0.001) indicates the statistical differences between mouse strains
(F(3,60)=203.45, p<0.001 for CD68, F(3,60)=381.03, p<0.00 for CD163).

CD68 (Cluster of Differentiation 68) and CD163 (Cluster of Differentiation 163) are
transmembrane glycoproteins expressed by cells in the monocyte and macrophage
lineages [33, 34]. CD68 and CD163 are used to identify macrophages in tissue sections
with CD163 positive cells usually considered as M2 (anti-inflammatory) macrophages
[35]. A significantly higher (***p<0.001) number of both CD68+ and CD163+ cells was
observed in the fibrous capsule around the scaffolds implanted in C57BL/6 mice
compared to the other mouse strains (Figure 6). For both markers, a significantly lower
(***p<0.001) number of positive cells was found around the acellular scaffolds compared
to both hAUR and hCC scaffolds. No macrophage infiltration into samples was observed
in any of the conditions but a thicker fibrous capsule was observed in C57BL/6 mice

around the scaffolds.
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2.6 Lymphocyte presence
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Figure 7 CD3 histological staining with DAPI counterstaining. Images being cross-sections of the scaffolds and fibrous
capsule with the scaffolds in the bottom part of the image, below the dotted white lines. Scale bar: 50 um. Higher
magnification is provided at the bottom of each image. Scale bar: 100 um. B: Quantification of CD3 positive cells per region
of interest (ROI). Asterisk (*p<0.05, ***p<0.001) indicates the statistical differences between mouse strains (F(3,60)=12.18,
p<0.001).

The CD3 (Cluster of differentiation 3) is part if the T cell receptor complex of mature T
lymphocytes and is used in immunology to identify both the cytotoxic T cells (CD8+) and
the T helper cells (CD4+). As expected, no CD3+ cells could be found in the fibrous tissue
surrounding the scaffolds implanted in NSG mice, however a limited amount of CD3+ cells
could be found in the humanized mouse samples (Figure 7). Given that the humanized mice
are developed from NSG animals and have relatively high human engraftment, the lymphocytes
that were found in the histological sections from samples implanted in humanized animals can
be considered from human origin. Despite their lack of thymus, some lymphocytes could be
observed in the nude mouse samples. Extrathymic maturation of T cells has been documented
in nude mice and an increasing number of CD3+ cells correlates with the mouse age [36]. Not
surprisingly, the highest number of CD3+ cells could be identified in C57BL/6 mice (*p<0.05

to nude, *<0.001 to NSG and to hu-NSG).

28



482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

3. Discussion

Despite the critical role that mouse studies play in providing cost and time effective proof-
of-concept data, there is no unanimity on the optimal mouse strain for cartilage
regeneration studies [37]. This could be attributed to several reasons. Firstly, there are
no regulatory guidelines for conducting cartilage engineering studies in small animal
models. Secondly, the use of human cells often limits the choice to immunodeficient
animals [38]. Lastly, despite cartilage being considered immune-privileged [39, 40], there
is a lack of understanding of how the host immune system affects chondrogenesis in vivo
[41]. The recent advances in the development of humanized mice has further increased
the range of possible mouse strains to choose from. The advancement of humanized mice
raised the question of whether those could represent a suitable animal model to bridge
the gap between mouse and human studies at least for pre-screening purposes. In this
study, we evaluated the chondrogenic potential of xenogenic, tissue-engineered grafts by

implanting it subcutaneously in mice that present varying immune systems.

The HA-TG hydrogel system has already proven to be biocompatible, mitogenic and
adhesive to cartilage tissue. In addition, it induces cartilaginous matrix deposition by
encapsulated human chondroprogenitor cells in vitro [22]. In this study, we were able to
show that HA-TG supports human auricular chondrocyte survival and extracellular
matrix deposition in vitro and in vivo. Both cellular and acellular HA-TG hydrogels did not
degrade and resisted vascular and cellular infiltration for up to 4 weeks in vivo.
Importantly, as reflected by the increase in mechanical strength and collagen 2 content,
HA-TG hydrogels supported ECM production by both adult (hAUR) and

chondroprogenitor (hCC) chondrocytes independently of the mouse strains.
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Furthermore, in hAUR-seeded scaffold, HA-TG induced the synthesis of a collagen 2-rich

ECM while keeping low expression levels of collagen 1.

Different in vitro results were seen with hCC seeded scaffolds as high levels of collagen 2
were not maintained in vivo. The differences of hCC to preserve the matrix that was
produced during in vitro preculture could be due to several factors. The collagen 2
produced in vitro might not be sufficiently mature and crosslinked [42] and therefore
diffuse out of the hydrogel once in vivo, however mechanical testing would suggest
otherwise. hCC have been shown to undergo a certain degree of spontaneous
differentiation (i.e. without stimulation by growth factors) towards the chondrogenic
lineage [24], however their chondrogenic potential can be impaired in the absence of TGF-
B growth factors (data not shown). On the other hand, hAURs were fully differentiated
before implantation and therefore had a more stable phenotype and did not required
exogenous supplementation of TGF-B. No obvious inflammatory infiltrates or foreign-body
reactions were observed at histological examination but host cytokines and the
surrounding subcutaneous environment could contribute to cell death and/or phenotype
instability [43]. Although it remains unclear whether the same cells would make durable
cartilage tissue when implanted into a cartilage-inducing/maintaining environment, such
as an articular cartilage defect, ex-vivo studies showed promising results [22]. Moreover,
there are differences for the two investigated cell types as they have different origins
during embryonic development [44]. While articular chondrocytes develop from the
mesoderm, auricular chondrocytes originate from the neural crest. Cells from the neural
crest have the capacity to generate various cell and tissue types even across germ layers
[45] and are known for their multipotency and ability to undergo chondrogenic

differentiation in heterotopic transplantation sites [46]. Therefore, the two cell types have
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a different stability depending on the environment and mechanical/biochemical

stimulation that they will receive upon transplantation.

C57BL/6 mice have complete innate and adaptive immune systems. Not surprisingly,
systemic inflammation markers (CRP, SAA and SAP: Figure 5; IL6, IL10 and TNF-a:
Supplementary Figure 6) were consistently upregulated in C57BL/6 animals and a higher
number of macrophages and lymphocytes (Figure 6 and Figure 7 respectively), together
with a larger fibrous capsule, was found around the implants in comparison to
immunodeficient and humanized mice. In addition to their phagocytic properties,
macrophages actively regulate tissue repair by secreting various cytokines, growth
factors, ECM components and proteases [47]. HA-TG is synthetized from high molecular
weight hyaluronic acid (HA) which has been documented as antiangiogenic, antioxidant
as well as anti-inflammatory [48]. A CD163 macrophage-mediated reaction to high
molecular weight HA might have reduced inflammation and promoted chondrogenesis in
immunocompetent animals, as indicated by the higher collagen 2 production observed in
this strain [49]. Another factor that could have played a role is the thicker fibrous capsule
which might have produced a more hypoxic environment compared to the capsules
observed in the immunodeficient and humanized mice and therefore led to a stronger
chondrogenesis [50]. The stronger innate immune response observed in the C57BL/6
mice, compared to humanized mice, could also be due to the fact that the former is a
xenogeneic reaction, while the latter is allogeneic. Indeed, xenogeneic transplantation of
human chondrocytes have been reported to be rejected by minipigs [51] and rabbits [39] and
the transplanted cells failed to undergo chondrogenesis in vivo despite allogenic transplantation

could be successfully performed [39].
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Previous studies reported mixed outcomes of ectopic cartilage reconstruction and bone
regeneration in immunocompetent small animals [38, 52-55]. Failures in chondrogenesis
and osteogenesis were attributed to immune reaction of the host to the allogenic
materials and cells, but also to vascular invasion that cause construct degradation and
host tissue ingrowth [56]. The absence of T-cells in nude animals was suspected to be the
reason for reduced cytotoxic mechanisms associated with macrophages and soluble
factors, including complements and antibodies [57]. HA-TG resistance to cellular and
vascular infiltration could explain why chondrogenesis of hAUR in immunocompetent
C57BL/6 animals was comparable to that of in immunodeficient mice. In addition, HA-TG
is a naturally derived material which is degraded by MMPs and hydrolytic enzymes in low
molecular weight hyaluronan molecules [58]. The non-toxicity of its degradation products

exclude another common reason of chondrogenic failure [59].

This study provides an insight on the role of the murine immune system in subcutaneous
implantation of cartilage engineering scaffolds. Overall, we observed a similar trend in the
development of the scaffolds in all four mouse strains in terms of mechanical
strengthening of the grafts and ECM expression. Our results suggest that despite being
subjected to a functional immune system, chondrogenesis still occurs in samples
implanted in C57BL/6 and that, despite being subjected to a humanized immune system
in NSG-SGM3, chondrogenesis still occurs albeit not as strongly as in the other mouse
strains. Nevertheless there are some limitations to our study. Even though our results
were reproducible among the biological replicates, studies with larger sample size would
be needed for validation. The inflammation markers were analyzed by multiplex assay on
serum whereby several cytokines were below the lower limit of detection and therefore

a subcutaneous tissue cage model [60] utilizing the analysis of exudate could be better
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suited for this purpose. Finally, more research is required to develop reliable humanized
mice (i.e. with a stronger humanized innate immune response and in particular with an
increased number of macrophages and natural Killer cells) and to systematically evaluate

how mouse studies translate into large animal models and humans.

4. Conclusions

To our knowledge, this is the first study that compared the chondrogenic potential of a
tissue-engineered construct for cartilage regeneration in several mouse strains. In
addition, this is the earliest attempt to use a humanized mouse model in the cartilage
engineering field. Collectively the results of this study suggest that chondrogenesis of a
tissue-engineered cartilage graft is feasible in immunocompetent small animals. We
suggest that immunocompetent and immunodeficient animals could lead to analogous
results in terms of chondrogenesis, as long as the implanted cells are shielded from the
host by a biomaterial. Preclinical investigation in immunocompetent animals is an
essential step in the clinical translation of orthopedic scaffolds [59, 61] and
immunodeficient rodent models are still the model of choice for early testing procedures
and screening. Subcutaneous implantation in small animals with a complete and human
immune system could help understanding how tissue-engineered constructs perform

with an active immune system.
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Supplementary information

Table 1 Flow cytometry quantification of human cell engraftment in NSG-SGM3. Data were obtained 12 weeks after birth
(8 weeks after engraftment).

hCD45+ hCD19+ hCD3+ hCD33+ hCD45-
(B cells) (T cells) (myeloid)
[total %] [% of hCD45] [% of hCD45] [% of hCD45] [total %]
28 2.4 60.5+16.4 19.9+20.3 12.1+4.3 67.3+14.4

Table 2 HLA typing of the human donor used to engraft the humanized mice in the study, of the human chondroprogenitor
cells (hCCs) and the human auricular chondrocytes (hAUR)

Human engraftment donor for hu-NSG (female)

A*01:01 A*30:02 B*08:01 B*08:01 C*07:01 C*07:01
DRB1*03:01 DRB1*03:01 DRB3*01:01 DRB3*02:02
DQB1*02:01 DQB1*02:01 DQA1*05:01 DQA1*05:01
DPB1*01:01 DPB1*130:01 DPA1*01:03 DPA1*02:01
hCC (male)
A*03 A*30 B*35 B*55 C*03 C*04
DRB1*12 DRB1*14 DRB3*02
DQB1*03 DQB1*05 DQA1*01 DQA1*05
DPB1*02 DPB1*04 DPA1*01 DPA1*01
hAUR (male)
A*01 A*26 B*18 B*38 Cc*07 C*12
DRB1*04 DRB1*11 DRB3*02 DRB4*01
DQB1*03 DQB1*03 DQA1*03 DQA1*05
DPB1*04 DPB1*04 DPA1*01 DPA1*01
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773

774 Supplementary Figure 1 Photoacoustic images of HA-TG constructs at 4 weeks after implantation. Photoacoustic images
775 are depicted as overlay of ultrasound and heat map of oxyhemoglobin saturation (A=700nm). Scale bar: 1mm.
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777

778 Supplementary Figure 2 Hematoxylin and eosin (H&E) staining of HA-TG hydrogels after 4 weeks of in vitro preculture and
779 4 additional weeks in vivo. Representative images of hydrogel inner region (inside) and outer border with fibrous capsule
780 (border). Arrows point to visible blood vessels. Scale bar close up: 500um, scale bar insert: 100um.
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Supplementary Figure 3 A: Collagen 2 and 1 immunohistochemical staining of acellular HA-TG hydrogels after 4 weeks of
in vitro preculture and 4 additional weeks in vivo. B: Collagen 2 and 1 staining of HA-TG hydrogels after 4 and 8 weeks in
vitro and HA-TG background staining. Bovine cartilage and IgG isotype antibody were used as controls. Scale bar close up:
500um, scale bar insert: 100um.
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788 Supplementary Figure 4 DAPI staining of HA-TG hydrogels after 4 weeks of in vitro preculture and 4 additional weeks in
789 vivo. Scale bar close up: 500um, scale bar insert: 100um.

790
A NSG nude hu-NSG BI6
3
O | c
£
c
©
=
o |%
<
e
B in vitro
week 8
8 . Background
o |2 ‘
=
c
(1]
= :
» |5
<
e
791

792 Supplementary Figure 5 A: Safranin O staining of HA-TG hydrogels after 4 weeks of in vitro preculture and 4 additional
793 weeks in vivo. B: Safranin O staining of HA-TG hydrogels after 4 and 8 weeks in vitro and HA-TG background staining. Scale
794 bar close up: 500um, scale bar insert: 100um.
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Supplementary Figure 6 Inflammation markers IL6 and IL10 detected in mouse serum and normalized to baseline values
acquired 10 days before surgery. Values below the limit of detection were set to the corresponding lower limit of detection.
IL1-B, IL4 and TNF-a values were below the limit of detection of the assay.

Table 3 Baseline values of C-reactive protein (CRP), serum amyloid A (SAA) and serum amyloid protein (SAP) prior to

experiment
NSG nude hu-NSG Bl6

CRP (pg/ml) 5104.8 11895.5 10451.6 6062.5

SAA (pg/ml) 961.0 5509.1 2217.4 881.2

SAP (pg/ml) 90286.5 71014.9 61907.2 3662.9
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