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Abstract 

The Implementa�on of Tissue Engineering, Gene Edi�ng, Biomaterials Science, 
and Immunology for Tissue Regenera�on  

By  

Carissa Garrity 

Tissue regenera�on, once a dream or a fantasy, is now becoming a reality. Science has advanced so much 

that cells can be cryopreserved and expanded into millions under laboratory condi�ons. Cells can be 

manipulated to become something they were not before and can be coerced into forming actual �ssues. 

The discovery of powerful growth factors and the ability to synthesize them, helps to achieve these goals. 

Our understanding of pathologic processes and aging also plays an essen�al role in our ability to 

regenerate �ssues. Laboratory methods have advanced immensely, allowing more efficient and rapid 

progress in regenera�ve medicine. This thesis addresses the regenera�ve efforts of two types of �ssues: 

car�lage and skin. These �ssues have an essen�al func�on in our bodies, but their structure and biology 

are drama�cally different. Yet the common denominator is that people can benefit greatly from learning 

more about the regenera�on of these �ssues. 

 

Car�lage is a shock-absorbing �ssue lining the ends of diarthrodial joints that aims to provide a fric�onless 

surface for joint ar�cula�on. In disease, damage of ar�cular car�lage is o�en accompanied by �ssue 

thinning and an irreversible yet progressive degenera�on. Car�lage’s innately poor regenera�ve capacity 

and progressively increasing demand for its regenera�on have resulted in astonishing developments and 

achievements in the field of �ssue engineering (TE) and regenera�ve therapies. However, despite 

advancements in car�lage �ssue engineering and current clinical transplanta�on prac�ces, the ability to 

replace deficient or damaged car�lage remains limited. In response, researchers are urgently trying to 

develop novel and clinically applicable solu�ons for the treatment of car�lage degenera�ve disorders. 
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The transla�on of car�lage �ssue engineering prac�ces is hindered by the lack of suitable cell sources and 

implant integra�on with surrounding na�ve �ssue. The lack of implant integra�on is further heightened 

within the joint environment, where constant mo�on and loading generate tensile, compressive, and 

shear forces. The lack of na�ve �ssue-gra� integra�on and long-term efficacious car�lage implanta�on 

suggest that further explora�on is needed to see if immunology is playing a role in the lack of �ssue 

integra�on. In addi�on, the quality of car�lage �ssue generated varies greatly with different cell sources. 

Car�lage replacement therapies primarily u�lize chondrocytes (car�lage cells) as their main cell source for 

genera�ng car�lage �ssue. Moreover, the chondrocytes can be sourced from mul�ple anatomical 

loca�ons. The current harves�ng procedure to extract chondrocytes for car�lage �ssue engineering can 

be quite limited and invasive. Therefore, the explora�on of different cell sources or chondrocyte harves�ng 

loca�ons would be beneficial for improving car�lage �ssue engineering techniques.  

 

Another indicator of car�lage �ssue quality is the mechanical durability of the �ssue to withstand daily 

forces. A current limita�on of car�lage �ssue engineering prac�ces is the inability to generate �ssues of 

sufficient biomimicry to that of na�ve �ssue. Previous atempts in our laboratory have shown that �ssue 

engineered car�lage is inferior to na�ve �ssue in terms biochemical composi�on and mechanical 

durability. Our laboratory has explored several applica�ons and interven�ons to improve the quality of 

�ssue engineered car�lage. This discrepancy between na�ve �ssue and �ssue engineered car�lage is also 

due to our lack of understanding of car�lage biomechanics and limi�ng tes�ng modali�es.  

 

Tissue regenera�on is not limited to car�lage �ssue. The demand for skin regenera�on primarily aims to 

repair wounds caused from burns, infec�ons, or other reconstruc�ve surgeries. However, skin 

regenera�ve therapies are limited in the availability of sufficient autogra� �ssue. In addi�on, facilita�ng 

internal regenera�on is difficult due to deficient vascularity within the wound. With this approach, wound 
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closure may be delayed or improper healing. Improper healing could lead to scarring or deformity which 

could lead to mental adversi�es. Researchers may have found a speedy and miraculous therapy to facilitate 

wound closure and wound vasculariza�on: fish skin bandages. The science of this therapy has yet to be 

explored in a comprehensive fashion un�l now. 

 

Chapter 1 of this disserta�on provides a concise review of car�lage immunology at the �ssue and cellular 

level as it relates to immune privilege. It covers the current car�lage replacement therapies and how the 

lack of efficacy of each one could be explained by chondrocyte expression of the major histocompa�bility 

complex. The chapter summarizes the current arguments and evidence suppor�ng and refu�ng the 

immune privilege status of car�lage. The chapter also outlines the immunomodulatory mechanisms seen 

in other immune-privileged �ssues and cancer. It concludes with a provision of how current methodologies 

to manipulate immune recogni�on could be beneficial to car�lage replacement therapies.  

 

Chapter 2 presents a comprehensive study that accomplishes the following: 1) It explores the 

immunogenicity of chondrocytes. 2) It explores a novel strategy for evading immune detec�on of 

allogeneic chondrocytes through gene�c edi�ng. 3) It constructs gene�cally engineered immune-universal 

�ssue-engineered car�lage constructs. 4) It evaluates the safety and efficacy of gene�cally engineered 

chondrocytes as a cell source for �ssue-engineered car�lage implants. 

 

Chapter 3 explores auricular chondrocytes as a cell source for car�lage �ssue engineering. This chapter 

first outlines the current sources of car�lage �ssue engineering and the disadvantages. It next uses 

previously published methods to construct car�lage �ssue constructs from auricular chondrocytes. Upon 

comple�on, the �ssue was evaluated mechanically and biochemically to determine its credibility as a 

sufficient as a cell source to construct durable car�lage �ssue.  
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Chapter 4 explores the biomechanical proper�es of canine ar�cular car�lage across age using an in-situ 

tes�ng model. It provides extensive characteriza�on of biochemical composi�on-mechanical func�on 

rela�onships of canine ar�cular surfaces and presents a comparison of these values across different joints. 

Specifically, it reports the instantaneous modulus at 15% strain, thickness, collagen content, 

glycosaminoglycan content, cellularity, and histological changes across age. Also, this chapter provides an 

innova�ve, quan�ta�ve, and visual assessment of regional distribu�on of mechanical proper�es of 

car�lage using 3D mapping of each surface. This chapter suggests that addi�onal unknown factors may 

play a role in influencing car�lage’s mechanical proper�es. 

 

Chapter 5 explored the feasibility of using fish skin bandages as a therapeu�c op�on for third-degree 

burns. The study induces third-degree burns on mice and treats the burns with either �lapia-skin or 

hydrocolloid adhesive bandages. The study explored the therapeu�c efficacy of fish-skin bandages vs 

hydrocolloid adhesive bandages at the histologic, hematologic, molecular, and gross level. This study may 

seem out of place with the other chapters. However, this chapter reflects on how to induce internal �ssue 

regenera�on using external therapeu�cs. By studying the healing mechanisms behind �lapia skin, perhaps 

these factors can be applied to car�lage and induce �ssue regenera�on in vivo.   

 

In summary, this disserta�on delineates the cumula�ve progression of studies providing robust techniques 

methodologies for �ssue regenera�on and durability following transplanta�on. This work provides a solid 

founda�on for future assessment directed at full �ssue replacement condi�ons. Furthermore, this 

pla�orm can be op�mized for regenera�on of other �ssue structures, such as skin. 
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Chapter 1 

A Fresh Glimpse into Car�lage Immune Privilege 

Carissa Garrity, Boaz Arzi, Brian Haus, Cassandra A. Lee, and Natalia Vapniarsky 

Published in Cartilage October 2022 

htps://doi.org/10.1177/19476035221126349 

 

Abstract 

The increasing prevalence of degenera�ve car�lage disorders in young pa�ents is a growing public concern 

worldwide. The poor innate regenera�ve capacity of car�lage has inspired the explora�on and 

development of car�lage replacement treatments such as �ssue-engineered car�lages and osteochondral 

implants as poten�al solu�ons to car�lage loss. the clinical applica�on of �ssue-engineered implants is 

hindered by the lack of long-term follow-up demonstra�ng efficacy, biocompa�bility, and bio-integra�on. 

The historically reported immunological privilege of car�lage �ssue was based on histological and 

morphological observa�ons poin�ng out the lack of vascularity and the presence of a �ght extracellular 

matrix. However, clinical studies in humans and animals do not unequivocally support the immune-

privilege theory. More in-depth studies on car�lage immunology are needed to make clinical advances 

such as �ssue engineering more applicable. this review analyzes the literature that supports and opposes 

the concept that car�lage is an immune-privileged �ssue and provides insight into mechanisms conferring 

various degrees of immune privilege to other, more in-depth studied �ssues such as tes�s, eyes, brain, 

and cancer. 

 

Keywords: car�lage immunology, �ssue engineering, MHC, allogenic, immunological rejec�on, t cell 

https://doi.org/10.1177/19476035221126349
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Introduc�on  

The high prevalence of degenera�ve ar�cular car�lage disorders among young and adult pa�ents is a 

public health concern worldwide. Car�lage loss due to trauma or wear leads to osteoarthri�s (OA). Clinical 

symptoms of OA include pain, joint swelling, and restricted range of mo�on, causing func�onal disability 

and reduced quality of life [1]. In the United States alone, 1 in 25 working-age adults from 18 to 64 years 

are limited to arthri�s [2]. Out of this popula�on, almost half experience work limita�ons, equa�ng to 

$164 billion in lost wages [2]. It is predicted that by 2040, doctor diagnosed arthri�c condi�ons will equate 

to 78.4 million people [2]. Car�lage loss in pediatric pa�ents is also increasing in frequency due to a 

significant rise in sports injuries and is of par�cular concern given the lifelong disability that subsequently 

occurs. 

 

Car�lage’s innately poor regenera�ve capacity [3,4] and progressively increasing demand for its 

regenera�on have resulted in astonishing developments and achievements in the field of �ssue 

engineering (TE) and regenera�ve therapies. However, despite advancements in car�lage TE and current 

clinical transplanta�on prac�ces, the ability to replace deficient or damaged car�lage remains limited. 

Tradi�onal methods such as fresh ar�cular car�lage with bone (osteochondral) autogra�s and allogra�s 

are currently used as car�lage replacements in affected pa�ents [5]. 

 

Car�lage autogra�s are derived from the same individual and are harvested from a non-weightbearing 

area of the joint. However, the quan�ty of available car�lage is limited, and autogra� collec�on incurs 

addi�onal morbidity. Allogra�s are �ssues obtained from a donor of the same species. A common example 

of allogenic car�lage treatments is allogenic osteochondral implanta�on (OCI), also called osteochondral 

allogra� transplanta�on (OAT). The benefits of allogra�s are in the rela�ve availability of donor �ssue and 
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the possibility of an off-the-shelf implant that can be introduced in a single surgery without inducing 

second site morbidity in the pa�ent [6,7]. However, allogra�s present the risk of disease transmission and 

elici�ng immune rejec�on [8-10]. For instance, despite the average 12-year success rate of osteochondral 

allogra�s, up to 25% of allogra�s are failing, and 36% of pa�ents require addi�onal or revision surgeries 

[11]. The lack of long-term durability and integra�on could be due to immunological destruc�on of the 

gra�. Immunological rejec�on of a �ssue gra� is typically prevented by immunologic matching of donor 

and recipient before transplanta�on. Surprisingly, unlike solid organ allogra�s, immunologic matching, 

also known as major histocompa�bility complex (MHC) matching, is not rou�nely performed with 

osteochondral allogra�s [12]. This is due to the historical concept that car�lage is an “immune privileged” 

�ssue [13-15]. 

 

Immune privilege is best summarized as a �ssue’s specific ability to repress an immune response to 

implanted �ssues or an�gens [16], while immunogenicity is the ability to provoke the immune response 

[17]. Mechanisms governing immune privilege in �ssues such as brain [18], eye [19], placenta [20], ovary 

[21], and tes�s [22] are con�nuously explored. However, studies addressing the immune status of car�lage 

are few, and there is a discrepancy between the evidence presented in the literature and how it is 

translated to clinical prac�ce. For instance, contradic�ng the immune-privileged claim is the fact that only 

autologous but not allogenic chondrocytes are used in current car�lage replacement therapies [23-24]. In 

addi�on, reports comparing the outcomes of allogenic OCI in immunologically matched and mismatched 

human pa�ents [8] and in dogs [10] provide evidence that ques�ons the concept of car�lage’s immune 

privilege. Specifically, in humans, the long-term outcomes of massive osteochondral implants were beter 

when recipients and donors were immunologically matched [8]. In dogs, the inflammatory response was 

much more severe in joints that received an immunologically mismatched allogra� [10]. Similarly, a 

histological study in rabbits comparing the host response to car�lage autogra�s, allogra�s, and xenogra�s 
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(�ssue from another species) reported strong innate and adap�ve immune responses to xenogra�s, mild 

responses to allogra�s, and no response to autogra�s, in osteochondral implants [13]. 

 

In contrast, there are numerous studies that provide strong evidence of immunosuppressive and 

poten�ally immune privileged proper�es of chondrocytes and engineered car�lage neo�ssue. For 

instance, several studies have demonstrated that chondrocytes are not only unable to s�mulate immune 

responses, but they also suppress the prolifera�on of ac�vated immune cells [14, 25,26]. It is possible that 

the applica�on of engineered �ssue replacements is hindered by our lack of understanding of car�lage 

immunology and immune privilege. Here, we cri�cally review the literature suppor�ng and confron�ng 

the no�on that car�lage is an immune-privileged �ssue and provide an insight into novel methods that 

can advance the field of car�lage regenera�on. 

 

MHC as a Major Player in Transplanta�on 

The primary role of the MHC molecules is to assist in the maintenance of an organism’s health by 

presen�ng foreign, self-, or altered self-pep�des to immune cells (lymphocytes and, more specifically, T 

cells). The func�on of MHC molecules was first discovered in the context of transplanta�on in mice, hence, 

the name major histocompa�bility complex [27]. However, the primary role of MHC molecules is 

immunological surveillance and marking of altered or infected cells for the adap�ve immune system’s 

elimina�on and moun�ng of the humoral and cellular immune response. The terminology for MHC 

equivalent in humans iden�fies the same molecules as (human leukocyte an�gen) HLA; in swine as SLA; 

in a dog, DLA, in cat FLA, and so on for any other species. For this review, the MHC acronym will be used 

regardless of species. The immune response to nonself-MHC molecules and non-self-pep�des presented 

by the MHC complexes are the primary causes of transplant rejec�on. For the benefit of understanding 
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the immune status of car�lage �ssue, it is impera�ve first to review the classes and the func�on of MHC 

in more detail. 

 

There are 2 classes of MHC molecules. MHC class I molecules fit into 2 categories: classical (MHC Ia) and 

nonclassical (MHC Ib) [28]. The MHC I molecules are expressed on all nucleated mammalian cells. The 

class II MHC is expressed by professional an�gen-presen�ng cells (APCs), such as B cell, dendri�c cells, and 

macrophages. As MHC I and MHC II play a cri�cal role in the recogni�on and ac�va�on of immune cells by 

presen�ng self-, altered-self-, or non-self-pep�des (alloan�gens), these molecules are the main drivers of 

transplant rejec�on. Analogous to personal iden�fica�on documents, they are located on the surface of 

the cells and present intracellular or extracellular components. Specifically, MHC II molecules present 

extracellular pep�des taken up by phagocytosis, while MHC I molecules present intracellular pep�des.28 If 

the MHC presents foreign or inappropriate pep�des, ac�va�on and clonal expansion of effector T cells will 

follow, leading to the destruc�on of the targeted cells/organs. The pep�des MHC molecules present are 

recognized by T lymphocytes via direct, indirect, and semi-direct pathways (Fig. 1A and B). For T cells to 

be properly ac�vated by MHC, 3 signals should be perceived in conjunc�on: (1) MHC-pep�de complex 

binding the respec�ve T-cell receptor and co-receptor (CD4 or CD8), (2) binding to co-s�mulatory receptors 

(CD28 and CD80/B7 on lymphocytes and APCs, respec�vely), and (3) cytokine secre�on [28] (Fig. 1C). 

Notably, the lack of MHC expression will be interpreted by natural killer (NK) cells as missing self, and cells 

with no MHC expression will be killed. 
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The non-classical MHC I 

molecules (MHC Ib) are far less 

studied and are thought to play 

a cri�cal role in regula�ng 

immune ac�va�on [29]. 

Specifically, the non-classical 

MHC I mediate inhibitory or 

ac�va�ng s�muli in NK cells 

(cells of the innate immune 

system that are capable of 

killing other cells without the 

need for specific an�bodies) 

and cytotoxic T cells [30]. MHC 

Ib molecules func�on as a 

shield to ensure that the cells 

are not incorrectly lysed by 

immune cells [28]. Non-

classical MHC molecules present the leader pep�de (or signal pep�de, that ini�ates the process of 

assembling all the components of MHC I) derived from classical MHC I molecules to lymphocytes [28]. 

These nonclassical MHC-pep�de complexes bind to the inhibitory receptors, NKG2A, KIR2D, and LIR-1 on 

NK cells or CD8 T cells to prevent the cell lysis [28] (Fig. 2A). The expression of non-classical MHC molecules 

is thought to be associated with evasive immune mechanisms seen in tumors [31], placental trophoblasts 

[32,33], the eye [34], and tes�s [35]. 
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 When MHC I complexes present a non-self- or altered pep�de, cytotoxic T cells recognize the mismatch 

and destroy the immuno-incompa�ble cell (Fig. 2B). Although car�lage is considered an immune-

privileged �ssue, it is unclear if car�lage MHC expression levels and func�onality is different compared 

with other �ssues. For example, it would be essen�al to understand if the immune privilege of car�lage is 

due to non-classical MHC I components. Based on our knowledge, it is currently unknown if chondrocytes 

express non-classical MHC molecules. Many aspects of car�lage immunology s�ll need to be explored 

before the status of car�lage’s immune privilege can be confirmed and fully understood. In the following 

sec�ons of the review, we will discuss addi�onal aspects of current knowledge of car�lage immunology. 

Figure 1. MHC an�gen presenta�on pathways in the context of osteochondral implants. (A) in a 
scenario of osteochondral allogra� implanta�on, aPCs can be either donor or recipient derived. the 
donor aPC will reside in the implant’s bone marrow cavity, while recipient aPC will be present in the 
synovium and in the recipient’s bone marrow. (B) in the direct pathway of an�gen presenta�on, 
donor aPC will present donor pep�des/an�gens on MHC class ia and MHC class ii complexes. in the 
semi-direct pathway, recipient aPC can fuse with donor cell or donor cell exosome membrane to 
present intact donor MHC ia complexes with associated donor pep�des. in the indirect pathway, a 
recipient aPC presents digested donor pep�des (green rectangles) on its MHC class ii complex. as a 
result, the recipient aPC can present digested donor pep�des or whole donor MHC molecules, which 
will be subsequently recognized by lymphocytes. (C) Pep�de presented by MHC class ia will be 
recognized by a recipient cytotoxic t cell (CD8, t cell) and result in strong ac�va�on of the 
lymphocyte. Pep�des presented by MHC class ii complex will be recognized by t-helper lymphocytes 
(CD4, t cell). Besides MHC class ia or MHC class ii recogni�on, addi�onal signals are necessary to 
ac�vate CD4 t-helper cells or CD8 cytotoxic t cells. in addi�on to MHC class ia with presented 
endogenous pep�de binding to the t-cell receptor (tCr) (Signal 1), there should be an addi�onal 
binding of co-receptor CD8 with MHC complex and CD28 (t cell) binding with CD80/B7 (aPC) (Signal 
2). S�mula�on with appropriate cytokines secreted by the aPC will further aid in the ac�va�on of 
the CD8 t cell (Signal 3). to keep ac�va�on in balance, the cytotoxic t-lymphocyte-associated protein 
4 (Ctla-4) expression by CD8 t cell will inhibit ac�va�on of this cell. a similar mode of 3-signal 
ac�va�on will be needed upon engagement of tCr on the CD4 t-helper cells with exogenous pep�des 
presented by the MHC class ii complexes. Upon sufficient ac�va�on of CD4 t cells, B cells are 
ac�vated by recognizing pep�des bound to its B-cell receptor and presented by MHC ii from CD4 t 
cells. Once B cells are ac�vated, they will generate an�bodies against the pep�de recognized by B-
cell receptors. MHC = major histocompa�bility complex; aPC = an�gen-presen�ng cell. 
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MHC I matching prevents the recogni�on of donor MHC as an alloan�gen (pep�de derived from a different 

individual) and prevents rejec�on. MHC molecules are highly polymorphic and diverse across individuals. 

This diversity allows the host’s immune system to recognize a broad range of pathogens (viruses and 

bacteria). S�ll, unfortunately, as a side effect, recogni�on of non-self-MHC results in the moun�ng of the 

immune response following transplanta�on. Determining the degree of similarity of MHC molecules (MHC 

Figure 2. Non-classical MHC and altered-self recogni�on via classical MHC class i. (A) tumor cells and 
trophoblasts are known to express the non-classical, MHC class 1b molecules that lead to deac�va�on 
and decreased ac�vity of CD8 t cells and NK cells. the binding of minor MHC class 1b complexes is via 
Kir2D, NKg2a, and lir-1 receptors. (B) in case of neoplas�c transforma�on or other altera�on of cells, 
the signal protein pep�de for MHC i synthesis will be altered or mutated which will be readily 
recognized by CD8 t cells. the binding and subsequent ac�va�on of cytotoxic CD8 t cell will result in 
the release of granzyme and perforin enzymesmediated destruc�on of the altered cell. the binding of 
addi�onal co-receptors such as Fas ligand (Fasl) with Fas receptor (Fasr) and lFa-1 with iCaM-1 on the 
CD8 t cell and the altered cell, respec�vely, will further ac�vate the cytotoxic cell. MHC =m ajor 
histocompa�bility complex; NK = natural killer. 
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matching) between donor and recipient before transplanta�on helps to select individuals with similar 

MHC phenotypes [28]. It is done by comparing the blood type and evalua�ng an�-MHC an�bodies in the 

recipient’s serum [36]. However, even in MHC iden�cal individuals, rejec�on can s�ll be facilitated by MHC 

presenta�on of other alloan�gens. Therefore, recipients may require lifelong immunosuppressive therapy 

to prevent immunological rejec�on of the transplant [28]. Consequently, it is not surprising to find down-

regula�on of MHC on tumors [37] or the trophoblast [38], �ssues that typically avoid immune recogni�on 

and subsequent destruc�on. 

 

Immune Characteris�cs of Car�lage 

Evidence supporting Immune Privilege 

Numerous studies have suggested that chondrocytes are immune evasive [14,25,26,39]. Adkisson et al. 

[14] showed that isolated chondrocytes inhibit T-cell prolifera�on in vitro through 3 main mechanisms: 

expression of CD80/B7 inhibitors, chondromodulin I, and secre�on of indoleamine 2,3-dioxygenase (IDO). 

B7 inhibitors, such as PD-L1, directly bind to CD28/PD-1, hence preven�ng the co-s�mula�on needed for 

effector and naïve T-cell ac�va�on [28]. Chondromodulin-I is a glycoprotein that promotes chondrogenesis 

[40] and inhibits CD4 T-cell ac�va�on by downregula�ng the produc�on of IL-2 [41]. IDO is an enzyme 

involved in tryptophan catabolism [42]. By deple�ng the extracellular environment from tryptophan, IDO 

prevents T effector cell prolifera�on and induces cellular arrest in these cells [43]. In addi�on, the 

metabolites of IDO are toxic to CD8 T cells and Th1 cells, while IDO itself is reported to promote T 

regulatory cell differen�a�on [43]. IDO has been found in immune-privileged �ssues such as the tes�s [44] 

and has been shown to play a role in preven�ng allogenic rejec�on of fetuses during pregnancy [45]. 

However, IDO has also been detected in non-privileged �ssues such as the spleen and skin in mice [46]. 



10 

Due to IDO expression in both privileged and non-privileged �ssue, it would be inaccurate to argue that 

the presence of IDO alone is sufficient to induce immune privilege (Fig. 3A). 

 

An addi�onal argument is that immune-evasive proper�es of chondrocytes are linked to their 

mesenchymal lineage [47-49]. Mesenchymal stromal cells (MSCs) are the progenitor cells to chondrocytes 

with well-documented immunomodulatory proper�es [50]. MSCs inhibit T-cell prolifera�on [50-52] 

through the expression of non-classical MHC molecules and the secre�on of soluble mediators such as 

TGF-β, IL-10, and IDO [53-56]. Chondrocytes also secrete TGF-β and IDO. Despite the shared lineage 

Figure 3. Concepts suppor�ng and 
refu�ng car�lage’s immune privilege. (A) 
the le� side of the scheme presents 
factors suppor�ng the privilege. eCM 
shielding is probably the most common 
argument. the presence of 
immunomodulatory molecules such as 
tgF-β in the eCM is another possibility. 
Some groups demonstrated expression of 
Fas ligand (Fasl), CD80/B7 inhibitors, such 
as PD-l1/l2, and secre�on of iDO by 
chondrocytes. (B) the right side presents 
factors dispu�ng the immune privilege of 
car�lage. Chondrocytes, just like any 
other soma�c cells, express MHC class 1a 
molecules and may express MHC class ii 
upon inflammatory cytokines 
s�mula�on. aPC and lymphocytes are 
present in the synovium of all synovial 
joints and will be able to detect non-self-
an�gens. Histological examina�on of not-
matched osteochondral allogra�s 
determined the presence of pannus 
�ssue. Pannus forma�on is usually 
induced by an�genic s�mula�on in cases 
of rheumatoid arthri�s or bacterial 
infec�ons. eCM = extracellular matrix; 
MHC = major histocompa�bility complex; 
aPC = an�gen-presen�ng cell; iDO = 
indoleamine 2,3-dioxygenase. 



11 

between chondrocytes and MSCs, terminal chondrogenic differen�a�on can alter chondrocytes’ immune 

characteris�cs, making them more immunogenic [57]. For example, rat MSC-derived chondrocytes were 

shown to acquire the surface expression of CD80/B7 and CD86/CD28, which rendered them more 

immunogenic than the parent MSCs lacking expression of these molecules [57]. With that said, human 

ar�cular chondrocytes have no expression of CD80 or CD86 at either protein or RNA levels [26]. Species 

differences could explain the later. While direct contact between lymphocytes and chondrocytes is 

possible in vitro, in reality, chondrocytes in situ are surrounded by a dense network of extracellular matrix 

(ECM). Thus, the third postulate for chondrocyte immune privilege claims that ECM sequesters an�gens 

and shields against immune detec�on [25,58,59]. 

 

The composi�on and density of ECM are essen�al for the func�on of the �ssue but may also shield 

chondrocytes from direct contact with lymphocytes. A lymphocyte has an average diameter of 6 to 7 µm 

[60]. Wolf et al. [61] have shown that T cells can migrate through mul�component synthe�c la�ces by 

amoeboid shape changes as long as the gap size remains below 1 to 2 µm. During transplant rejec�on of 

solid organs, lymphocytes must traverse the basement membrane (a type of ECM) [62]. The pore size of 

basement membrane is 0.75 to 3.85 µm [63], about half the diameter of a lymphocyte. The average pore 

size of car�lage ECM is 6 nm in diameter [64], a thousand �mes smaller than lymphocyte diameter. The 

later suggests that the density of car�lage’s ECM may protect allogenic chondrocytes from lymphocyte 

detec�on. It remains to be determined what happens in case of ECM degrada�on and if lymphocytes can 

“find” allogenic chondrocytes upon even the slightest ECM breakage. 

 

It is possible that, in addi�on to the structural barrier, the ECM contributes to the immune privilege of 

car�lage by harboring non-cellular immune modulators. For example, ac�ve and latent forms of TGF-β1 

were reported to be present in the ECM [65]. TGF-β is important in chondrogenesis [66], ECM synthesis 
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[67], and inducing tolerance through the induc�on of T regulatory cell differen�a�on [28]. High molecular 

weight hyaluronic acid, a major glycosaminoglycan of car�lage ECM, was reported to induce the 

expression of regulatory genes such as IL-10 in macrophages [68]. Therefore, it is reasonable to assume 

that ECM density, entrapped bioac�ve proteins, and structural components directly may contribute to 

immune privilege of car�lage �ssue. 

 

Recently, a significant contribu�on of CD8+ T regulatory cells to the immune-evasive mechanisms of 

immune privileged �ssues [69-72] was reported. CD8+ T regulatory cells have been found in immune-

privileged �ssues such as the eye [73] and tes�s [74]. The CD8+CD122+ T regulatory cells are naturally 

occurring regulatory cells that inhibit the proinflammatory cytokine (IFN-gamma) by ac�vated CD8 and 

CD4 T [75]. If CD8+ T regulatory cells reside in the joint or in the car�lage �ssue, it could explain the lack 

of immune responses seen following car�lage transplanta�on [76]. Further inves�ga�on is needed to 

determine if CD8+ T regulatory cells are present in car�lage gra�s or within other components of the 

synovial joint. 

Evidence Confronting Immune Privilege 

While the arguments presented in the previous sec�on support car�lages’ immune privilege, they are 

primarily based on in vitro or ex vivo experiments. It is unclear if these mechanisms translate to in vivo 

situa�ons where the �ssue integrity and joint environment are not controlled experimentally. A 12-year 

follow-up study of osteochondral transplants in 291 pa�ents reported a 25% failure rate with a 36% rate 

of revision surgery [11]. This review did not discuss the reasons for the implant failure [11]. The authors 

do not specify if immunological matching was performed between the donors and recipients, but based 

on the general trend in the field, it is likely that it was not performed. As osteochondral plugs include 

car�lage, bone, and bone marrow, elements other than car�lage may compromise the successful 
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integra�on of osteochondral transplants. Indeed, it was established a long ago that fresh and frozen bone 

allogra�s are highly immunogenic [77]. The bone marrow elements were also proven immunogenic [78]. 

In support of the later radiologic and histologic studies inves�ga�ng the failed osteochondral allogra�s 

from the talus reported edema around the implants, progressive cyst forma�on, irregulari�es at the 

subchondral plate, fragmenta�on, subchondral collapse, and importantly abundance of rejec�on-

associated lymphocy�c subsets (Fig. 3B) [79]. 

 

It is currently recommended prac�ce to pulse lavage the osteochondral allogra�s to physically remove the 

residual marrow cells to reduce the poten�al contribu�on of immunogenicity by the bone marrow [80,81]. 

However, a study by Ambra et al. [82] inves�ga�ng pulse lavage in removing bone marrow elements 

showed litle efficiency in this procedure. A report by Friedlaender et al. [8] compared the long-term 

outcomes of large OAT in MHC matched versus mismatched in 29 human pa�ents. This study concluded 

that there is a benefit in MHC matching, par�cularly for class II MHC. [8] Specifically, pa�ents who had 

failed or fair outcomes (some or significant pain, func�onal limita�on, and need for braces) had more an�-

MHC an�bodies either before or following the transplanta�on. [8] A study by Hunt et al. [12] determined 

that the presence of an�-MHC class I an�bodies in immunologically mismatched recipients of fresh 

osteochondral allogra�s was associated with poor gra� survival compared with recipients with no such 

an�bodies. Also, allogra� size was associated with the outcome [12]. The larger osteochondral allogra�s 

were associated with a higher implant failure rate [12]. Cumula�vely, it can be deducted from the studies 

above that the high degree of osteochondral implant failure can be due to immune incompa�bility of bone 

and bone marrow components; correspondingly, immunologic matching may reduce the chance of 

osteochondral implant failure. 
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However, it remains unclear if car�lage �ssue itself is immunologically inert or if it is too contribu�ng to 

the immunologic process in failing implants. In addi�on to a �ght ECM (discussed earlier), car�lage’s lack 

of vascularity was proposed to contribute to its privileged immune status. Kandel et al [83]. study 

evalua�ng failed osteochondral implants from the knee reported pannus forma�on, fibrilla�on, 

degenera�on, and erosion of the chondral por�ons of the gra�s. According to the medical dic�onary 

defini�on, a pannus is a sheet of inflammatory granula�on �ssue that spreads from the synovial 

membrane and invades the joint. The synovial membrane is a highly vascularized structure. It is an 

immunological guardian of the joint containing phagocy�c cells capable of an�gen presenta�on and 

chemical signaling to recruit addi�onal leukocytes from the circula�on [84]. A study in rats where 

chondrocytes suspended in hyaluronan were transplanted between rats of two separate strains found that 

lymphocyte infiltra�on was seen not at the ar�cular surface but the deep margin of the implant. The 

authors suggested that allogenic chondrocytes may have specific surface an�gens that may atract 

leukocytes and NK cells from the bone marrow [85]. Pannus forma�on was not reported in this study. S�ll, 

the lack of vascularity in the car�lage �ssue did not protect it from the egress of leukocytes via other 

vascularized elements of the joint such as synovium or bone marrow. In concert, these observa�ons 

suggest that car�lage’s lack of vascularity is not a sufficient mechanism to protect it from immune cells of 

the other vascularized compartments of the joint and that car�lage is poten�ally also immunogenic. 

 

Reports from addi�onal animal studies further subvert car�lage’s immune-privilege status. For example, 

we found no reports on car�laginous or osteochondral allotransplanta�on in veterinary surgical clinical 

prac�ce, despite abundant reports on successful allogra�ing of car�lage under experimental preclinical 

se�ngs [86,87]. A study in dogs found that the inflammatory response was the most severe in joints 

implanted with immunologically mismatched osteochondral allogra�s [10]. Also, pannus forma�on was 

typical in cases where fresh mismatched implants were introduced [10]. The same study also reported 
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that cryopreserva�on of the osteochondral implants enhanced the deleterious effects on the allogra�s 

[10]. Assuming car�lage is immunogenic, it would be essen�al to analyze what components may 

poten�ally contribute to the immunogenicity—cells or ECM. 

 

Studies on the immune response toward decellularized natural biomaterial matrixes that are essen�ally 

comprised of ECM molecules indicate that structural molecules can be immunogenic [88]. Similarly, renal 

transplanta�on studies report an�bodies to ECM components such as perlecan, fibronec�n, and collagens 

in pa�ents with chronic renal rejec�on [89,90]. More specific to car�lage �ssue, it was shown by Klat et 

al. [91] that nonfibrillar collagen type II enhanced gene expression of proinflammatory mediators and 

proteoly�c enzymes in chondrocytes. Also, hyaluronic acid, a second major ECM component of car�lage, 

was shown to have differen�al signaling based on its molecular weight. Specifically, Rayahin et al. [68] 

demonstrated that contrary to high molecular weight hyaluronic acid that has immunomodulatory 

proper�es, low molecular weight hyaluronic acid induced proinflammatory genes in macrophages. The 

later two studies suggest that car�lage is shielded from immune system surveillance if its matrix is intact. 

However, the immune system reacts when ECM components and chondrocytes are exposed to immune 

cell-bearing joint elements such as synovium or bone marrow. 

 

Chondrocyte surface an�gens, such as MHC molecules, could further contribute to the aggrava�on of the 

immune response. It is well known that chondrocytes cons�tu�vely express MHC I and, in some species, 

also MHC II molecules [25]. Studies by Hunt and Friedlaender (men�oned above) documented the 

presence of an�-MHC an�bodies in pa�ents with poor osteochondral transplanta�on outcomes [8,12]. 

However, it remains to be determined if these an�bodies were developed in response to MHC molecular 

presenta�on by chondrocytes or other elements of the osteochondral implant. Furthermore, it remains 

to be determined if and how an�bodies contribute to implant failure or nega�ve outcomes. Indeed, 
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Williams et al. [92] describe a mechanism known as accommoda�on, where the transplant can remain 

uninjured despite the presence of an�-MHC an�bodies directed against it. Several studies confirm this 

phenomenon may be true in renal [93] and heart [94] transplanta�on. Dehoux and Gianello [95] suggest 

that there may be a “delicate balance” between the produc�on of neutralizing and non-neutralizing 

an�bodies to prevent rejec�on while inducing accommoda�on. Iden�fying factors that would �p the 

balance in favor of accommoda�on would be an essen�al contribu�on to our understanding of car�lage 

immunology and the ability to engineer and direct outcomes of allotransplanta�on [96-98]. 

 

Lessons from Other Immune-Privileged Tissues 

Two �ssues commonly studied for their immune-privilege mechanisms are the tes�s [99] and the eye 

[100]. A recent review defined the immune privilege of the tes�s as a �ssue capable of inducing a systemic 

tolerance of alloan�gens, xenoan�gens, and immunogenic autoan�gens [99]. The Sertoli cell barrier and 

a specific macrophage phenotype in the inters��um contribute to the tes�s’s immune privilege [99]. A 

specific phenotype of immunomodulatory inters��al tes�cular macrophages was iden�fied in rats [101]. 

These macrophages differed from the circula�ng cells by their ability to cons�tu�vely produce and secrete 

an�-inflammatory cytokines [101,102]. It remains to be determined if similar macrophages are present in 

the car�laginous joint. 

 

The expression of transmembrane molecule Fas ligand (FasL) by ocular [100] and tes�cular [99] 

macrophages are addi�onal factors that contribute to the immune privilege of these organs. The Fas 

receptor (FasR)-FasL interac�on is a signal transduc�on pathway that regulates cell death [103]. The cell 

bearing the receptor is targeted for death, while the cell bearing the ligand induces death [103]. If a cell 

expresses the FasR, the cell is capable of being recognized and killed by immune cells. However, if the cell 

expresses FasL, it can induce apoptosis of immune cells and escape the destruc�on. While FasR presence 
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on chondrocytes is unequivocal, FasL expression is controversial and was undetectable in healthy and 

osteoarthri�c human car�lage by the Hashimoto group [104], but was reported by Fujihara et al. [76] in 

human and murine auricular chondrocytes. Interes�ngly, a significant amount of soluble FasL was found 

in the synovial fluid of OA and rheumatoid arthri�s pa�ents [105]. It remains to be elucidated if the soluble 

FasL in the synovium contributes to immune-modulatory proper�es seen in car�lage �ssue. Although, the 

self-perpetua�ng nature of OA [106] does not support this no�on. 

 

Extensive reports exist on cancer immuno-evasion [107,108]. Selected examples of strategies employed 

by cancer cells to avoid recogni�on of altered-self include down-regula�on of MHC Ia [109], expression of 

FasL [110], and the presence of tolerogenic tumor-associated APC [111] in the tumor inters��um (Fig. 4). 

To the best of our knowledge, tolerance inducing phenotypes of APCs have not been detected in car�lage 

�ssue or the synovium. Further research is needed to characterize leukocyte popula�ons within synovium 

and their influence on ar�cular car�lage immunology. In addi�on, there have been no experiments 

inducing the systemic tolerance to xenoan�gens or alloan�gens transplanted directly into car�lage or the 

joint. Therefore, more studies are necessary to determine if the car�lage is indeed an immune-privileged 

�ssue and what factors contribute to this privilege. Perhaps evalua�ng car�lage immune privilege in the 

context of the en�re joint considering it an organ, would be insigh�ul. 
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Methods to Manipulate Immunity 

In principle, even with MHC matching for organ transplanta�on, immunosuppression is s�ll required to 

avoid rejec�on [112,113]. Regretably, immunosuppression may lead to significant complica�ons such as 

Figure 4. Selected factors known to confer an immune privilege to �ssues are shown: (1) Secre�on of 
an increased concentra�on of adenosine and lactate in the eCM of the tumors; (2) overexpression of 
Fasl by tumor cells was shown to induce apoptosis in cytotoxic t cells; (3) down-regula�on of MHC 
class 1a was reported in regular and transmissible tumors as well as trophoblasts; (4) presence of 
stromal regulatory t cells CD8+CD122+ was reported in tes�s and the eye; (5) overexpression of minor, 
MHC 1b complexes was reported in trophoblasts and tumor cells; (6) secre�on of iDO, tgF-β, and il-10 
is a well-documented strategy to induce the t regulatory lymphocytes’ forma�on to suppress the 
immune recogni�on by eye, tes�s, and neoplas�c cells; (7) presence of tolerogenic dendri�c cells in 
the stroma of the eye and tes�s was reported. eCM = extracellular matrix; MHC = major 
histocompa�bility complex; iDO = indoleamine 2,3-dioxygenase. 
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increased suscep�bility to opportunis�c infec�ons [114]. Thus, current research efforts are directed at the 

inves�ga�on of methods of masking recognizable an�gens or manipula�ng genes responsible for immune 

recogni�on of non-self-an�gens to offer a poten�al solu�on for manufacturing immunouniversal organs 

[115]. 

 

In this context, beta 2 microglobulin (B2M) gene was knocked out in mice resul�ng in a complete absence 

of MHC Ia surface molecule expression, making these animals a universal organ donor [116]. MHC-null 

pigs [117] and individual specific cell lines such as hematopoie�c blood progenitors and endothelial cells 

[118] were developed using a similar strategy. Along these lines, immuno-engineered MHC-null embryonic 

stem cells [119] and induced pluripotent stem cells [120] were explored as promising cell sources for 

regenera�ve medicine, considering their unlimited prolifera�on capacity and the ability to differen�ate 

into any func�onal �ssue. 

 

Although elimina�on of MHC expression renders cells invisible to lymphocyte recogni�on, NK cells can 

detect and destroy cells with “missing self.” [28] In addi�on, slight differences in minor histocompa�bility 

molecules or �ssue specific an�gens may result in immune rejec�on [28]. This problem can be solved by 

the induc�on of expression of single-chain dimers of non-classical MHC I complex [121]. These single-

chain fragments of MHC I proteins bind to inhibitory receptors such as CD94/NGK2A on NK cells and T 

cytotoxic T cells and prevent the cell from lysis. Indeed, this strategy was applied and proved effec�ve in 

protec�ng induced pluripotent human stem cells gene�cally edited to express no MHC Ia but single-chain 

non-classical MHC Ib from lysis. This study u�lized recombinant adeno-associated virus gene edi�ng [121]. 

 

Gene�c dele�on of MHC I is not the only way to manipulate immunity. Mechanisms that disrupt cytokine 

gradients and cytokine receptors responsible for effector T cell trafficking can be considered. Expectedly, 
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nature mastered this approach in the maternal-fetal interface where Ccl5 and Cxcl9/10 genes are 

epigene�cally silenced [122]. As a result of this epigene�c silencing, effector cells cannot reach the fetus, 

thus preven�ng its recogni�on as non-self and subsequent distrac�on. In the context of car�lage, CCR2 

(cytokine receptor) agonist administra�on to osteoarthri�c mice atenuated macrophage accumula�on in 

the synovium, reduced synovi�s, and car�lage damage [123]. This same study showed no benefit of 

blocking CCL5/CCLR5 axis in atenua�ng OA. These findings imply that T-cell trafficking signals may be 

specific to �ssue types, and cytokine trafficking manipula�on for immunomodula�on purposes may need 

to be tailored to specific �ssue types. 

 

Inhibi�on of cytotoxic T-cell ac�vity, induc�on of T regulatory cell phenotypes, and shi� of macrophage 

and dendri�c cells toward tolerogenic phenotypes are addi�onal tac�cs that were shown success in 

immunomodula�on. As shown in Figure 1 of this review, CTLA-4 is an inhibitory receptor, also known as 

CD152, expressed by T regulatory cells or effector T cells a�er ac�va�on that binds to CD80 or CD86 

receptors on APC to induce an inhibitory signal. Administra�on of CTLA-4 immunoglobulins or tetra dimers 

thereof was shown to be effec�ve in modula�ng the immune response in pa�ents and animal models of 

rheumatoid arthri�s [124]. To overcome the challenges of delivery of such potent molecules to the 

implanta�on site, nanotechnology and nanoengineering have very clever methods to offer [125,126]. For 

instance, to prevent the rejec�on of xenogeneic pancrea�c islets, encapsula�ng these islets into a nanobot 

capable of a sustained release of CTLA-4 pep�de was shown to prolong pancrea�c islet survival in the 

xenogeneic transplanta�on model [127]. CTLA4 bio paterned implant not only survived the 

transplanta�on and sustained normoglycemia in the experimental mice but also induced T regulatory 

differen�a�on at the implanta�on site [127]. 
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Induc�on of T regulatory phenotypes at the implanta�on site can be a more precise and accurate way to 

induce tolerance if APCs are given the correct type of an�gen to present to T cells and “educate” these 

cells to be tolerant toward this par�cular an�gen. The an�gen is known in instances like pancrea�c islet 

transplanta�on or autoimmune destruc�on. Hence, using dual nanoformula�on delivery, impressive work 

has been done on inducing an�gen-specific tolerance and preven�ng autoimmune type I diabetes in mice 

[128]. Specifically, a delivery system comprised of 4 different nanopar�cles was designed. Each par�cle 

was loaded with either tolerance-inducing factors (Vitamin D3 or TGF-β1) or dendri�c cell colony-

s�mula�ng factor (GM-CSF), or insulin (an�gen). These par�cles prevented the development of 

autoimmune destruc�on of pancrea�c islets in experimental non-obese diabe�c mice model, when 

administered as a cocktail [128]. These par�cles prevented the development of autoimmune destruc�on 

of pancrea�c islets in experimental non-obese diabe�c mice model, when administered as a cocktail [128]. 

In the context of car�lage, it is unknown if and which pep�des may be immunogenic. Thus, more work 

needs to be done to iden�fy these poten�ally an�genic molecules before immunoneutral car�lage �ssue 

can be engineered. 

Conclusions 

The increasing prevalence of degenera�ve car�lage diseases is a growing public health concern 

worldwide. The transplanta�on of car�lage allogra�s is regarded as a safe solu�on due to the historical 

concept of car�lage being an immune-privileged �ssue. However, several studies confront the concept of 

the immune-privilege status of car�lage by providing evidence of an immune response following allogenic 

car�lage transplanta�on. These contradictory findings highlight the need for studies that explore the 

immunology of car�lage. 
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The study of immune �ssues is highly instruc�ve in developing universal �ssues suitable for 

transplanta�on. The immune evasion mechanisms discovered thus far have contributed toward 

engineering immunologically invisible cell lines. The efficacy of MHC engineering and CRISPR mul�plexing 

in various cell lines suggests that this technology could be translated to car�lage �ssue. The applica�on of 

this technology to car�lage �ssue could create universal car�lage allogra�s that could poten�ally promote 

the clinical applica�on of �ssue-engineered car�lage and help millions of pa�ents. 
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Abstract: 

Car�lage has poor regenera�ve ability and �ssue replacement strategies, such as �ssue engineering, have 

been explored as a poten�al solu�on. Tissue-engineered car�lage constructs are commonly derived from 

allogenic cell sources. However, the transplanta�on of isolated allogeneic chondrocytes is not prac�ced 

for immunologic reasons. The main molecule responsible for allogra� rejec�on is the major 

histocompa�bility complex class I (MHC-I). ß-2 microglobulin (β2M) is a structural component of MHC-I 

conserved across species. In this study, we hypothesized that β2M gene knockout (β2M-KO) in porcine 

chondrocytes would lead to loss of MHC-I expression while retaining cellular func�on and the ability to 

form immuno-universal car�lage constructs. β2M-KO was achieved by the CRISPR/Cas9 system using 

plasmid transfec�on. Posi�vely transfected cell lines were selected and biallelic disrup�on of the β2M 

gene at the exon 2 locus in chondrocytes was confirmed with Sanger sequencing. qRT-PCR, and ELISA 

demonstrated decreased expression of the β2M on gene�c and protein levels. Flow cytometry showed 

significant downregula�on of MHC-I despite IFNy s�mula�on. A significant difference in immunological 
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func�on was confirmed between the knockout and wild type control cell lines in co-culture with allogeneic 

lymphocytes. Lymphocyte prolifera�on was 1.6 �mes less when co-cultured with β2M-KO chondrocytes 

in comparison to wildtype chondrocytes. Car�lage constructs derived from β2M-KO and wildtype 

chondrocytes were assembled using scaffold-free methodology. Constructs were mechanically tested for 

compressive and tensile strength and analyzed biochemically and histologically. There were no significant 

differences in either tensile, compressive, biochemical or histological proper�es between the construct 

sourced from β2M-KO and wild type chondrocyte. Collec�vely, our data indicate that immuno-universal 

car�lage constructs with proper�es akin to constructs sourced from wild type cells can be �ssue 

engineered from β2M-KO chondrocytes.  

 

Key words: β2M-KO, car�lage immunology and immunogenicity, �ssue engineering, MHC I-null, allogenic 

 

1. Introduc�on 

The high prevalence of disorders involving car�lage �ssue is a public health concern worldwide. Ar�cular 

car�lage for instance damaged by trauma ini�ates the process of osteoarthri�s [1]. Other types of 

car�lages are also in high demand for reconstruc�ve surgery following trauma-related �ssue loss or tumor 

resec�ons. The low regenera�ve capacity of car�lage and progressive demand for its regenera�on, has 

invited the explora�on of new strategies for �ssue replacement and regenera�on [2]. Despite the 

advancements and success of car�lage repair therapies, the clinical efficacy remains subop�mal due to 

several shortcomings. For instance, strategies that u�lize autologous �ssues (�ssues derived from the 

same individual) are limited in quan�ty and thus only suitable for repair of small size car�lage defects [3]. 

In addi�on, the harvest of autologous car�lage introduces donor site morbidity [4, 5]. Car�lage allogra�s 

(�ssues derived form a different individual of the same species) resolve these concerns, but introduce 
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new ones such as disease transmission and immune response [6-8]. The shortcomings of the current 

treatment op�ons invite the discovery of novel strategies for car�lage replacement therapy. 

 

Scaffold-free car�lage �ssue engineering (TE) has been recently explored for its efficacy to produce �ssue 

without introducing exogenous matrix [9]. Allogeneic chondrocytes are an atrac�ve cell source due to 

the ability to produce “off-the-shelf” �ssue. However, TE car�lage derived from allogenic chondrocytes is 

yet to be proven safe and efficacious for clinical use. Immunological safety aspects of TE allogra�s have 

not been explored largely due to the historical assump�on that car�lage is immuno-privileged [10]. Recent 

literature has challenged this paradigm and invited more study into car�lage immunology [11].  

 

Recent advances in gene�c edi�ng offer an elegant solu�on to bypass the immunological rejec�on [12]. 

Specifically, engineering car�lage from immuno-universal chondrocytes is an atrac�ve op�on. One 

approach for crea�ng such cells involves gene�c silencing or dele�on of major histocompa�bility complex 

(MHC I) molecule. MHC class I molecules are expressed on all nucleated cells and present foreign, self, or 

altered self-pep�des to T cells [13]. The immune response to non-self MHC molecules and non-self-

pep�des presented by the MHC complexes are the primary causes of transplant rejec�on [13]. The 

disrup�on of polymorphic and polygenic MHC units of the molecule is difficult, but targe�ng a conserved 

β-2-microglobulin (β2M) subunit, which is required for cell surface expression of MHC molecules [13] was 

successfully done [14-16]. Cellular therapy with β2M knockout (KO) cells improved �ssue repair of heart 

[14] and lung [15], and improved the engra�ment of gene-edited peripheral blood mononuclear cells [16].  

 

These studies combined with the changing perspec�ve of car�lage immune privilege inspired this study. 

Here we show that MHC I expression in chondrocytes is upregulated under inflammatory condi�ons and 
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that co-culture of such chondrocytes induces allogenic lymphocyte prolifera�on. We also report on the 

immunologic u�lity of MHC I-null porcine chondrocytes for car�lage �ssue engineering. 

 

2. Materials and Methods 

2.a. General Study Design (Figure 1) 

The guide RNAs (sgRNA) were designed targe�ng exon 2 of porcine β2M. The guide RNAs were: Forward 

oligo: 5’ CACCGGAGTAAACCTGAACCTTCGG 3’ and reverse oligo: 5’ AAACCCGAAGGTTCAGGTTTACTCC 3.’  

The β2M sgRNAs were ligated into a digested CRISPR/Cas9 vector and cloned. Successful liga�on was 

confirmed with standard PCR and Sanger sequencing. Chondrocytes were transfected with the 

CRISPR/Cas9-β2M constructed plasmid. β2M-KO chondrocytes were purified with an�bio�c selec�on 

with puromycin. Gene disrup�on was confirmed with Sanger sequencing of transfected chondrocytes. The 

knockout was further validated with several assays. We validated MHC-I downregula�on with flow 

cytometry. We confirmed β2M gene downregula�on with qPCR, and quan�fied β2M expression on a 

protein level with ELISA. We explored the immunogenicity of MHC-1 null chondrocytes by co-culturing 

them with allogeneic lymphocytes We assessed lymphocyte prolifera�on and polariza�on to different 

lymphocyte subtypes in the co-culture condi�ons. Finally, we confirmed no off-target effects on 

chondrogenic poten�al by �ssue-engineering car�lage constructs using scaffold-free technology.  
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Figure 1: The guide RNAs (sgRNA) 
were designed targe�ng exon 2 of 
porcine β2M. The guide RNAs 
were: Forward oligo: 5’ 
CACCGGAGTAAACCTGAACCTTCGG 
3’ and reverse oligo: 5’ 
AAACCCGAAGGTTCAGGTTTACTCC 
3.’  The β2M sgRNAs were ligated 
into a BBsl digested CRISPR/Cas9 
expression plasmid pSpCas9 (BB)-
2A- Puro (PX459) and cloned. 
Successful liga�on was confirmed 
with standard PCR and Sanger 
sequencing. Chondrocytes were 
transfected with the CRISPR/Cas9-
β2M constructed plasmid. β2M-
KO chondrocytes were purified 
with puromycin. an�bio�c 
selec�on Gene disrup�on of 
transfected chondrocytes was 
confirmed with Sanger 
sequencing. The knockout was 
further validated with several 
assays. We validated MHC-I 
downregula�on with flow 
cytometry. We confirmed β2M 
gene downregula�on with qPCR, 
and quan�fied β2M expression on 
a protein level with ELISA. We 
explored the immunogenicity of 
MHC-1 null chondrocytes by co-
culturing them with allogeneic 
peripheral blood mononuclear 
cells (PBMCs). We assessed PBMC 
prolifera�on in the co-culture 
condi�ons. Finally, we confirmed 
no off-target effects on 
chondrogenic poten�al by �ssue-
engineering car�lage constructs 
using scaffold-free technology. 
Car�lage constructs were tested 
for biochemical composi�on and 
mechanical proper�es and 
compared to WT derived car�lage 
constructs. 
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2.a.1 Chondrocyte Isolation and Cell Culture  

Porcine costal chondrocytes were isolated through enzyma�c diges�on in 0.2% collagenase solu�on 

(Worthington LS004176) supplemented with 3% fetal bovine serum for 18 hours at 37°C and 5% CO2 with 

orbital rota�on at 60 RPM. Chondrocytes not immediately used were cryopreserved in liquid nitrogen in 

90% FBS and 10% Dimethyl Sulfoxide (DMSO) (Corning DMSO Mediatech Inc). 

 

2.a.2 Chondrocyte Monolayer Expansion 

Isolated chondrocytes were cultured to confluency in monolayer according to previously published 

protocol [17]. The culture media composi�on is provided in Table 1. Cultures were maintained in a 

humidified atmosphere at 37°C and 5% CO2. Chondrocytes were passaged 3-4 �mes un�l a sufficient 

number of cells was reached. For passaging, cells were li�ed up following 10-minute diges�on at 37°C 

with Trypsin (Gibco 0.05% Trypsin-EDTA 1X, Cat# 25300-054), spun down at 400 G and further digested in 

0.2% collagenase (Worthington 285 U/mg) supplemented with 3% FBS for 30 to 45 minutes at 37°C to 

remove any residual ECM that is produced by chondrocytes during monolayer expansion.  

 

2.a.3 Assessment of MHC I expression in chondrocytes 

Porcine chondrocytes (wild type, and β2M KO chondrocytes) were cultured in monolayer as described 

above in media supplemented with physiological OA concentra�ons (0.1-10 ng/mL) of IFNγ (Bio-rad 

PPP022 5ug) concentra�ons for three days [18]. On the third day, cells were li�ed with 0.05% trypsin and 

labeled with FITC-MHC-I (BioRad MCA2261F) and fixable viability dye (Invitrogen Ref 65-0865-14). Flow 

cytometry parameters were set to collect 100,000 events or stop a�er 330 seconds. MHC I expression was 

measured in three KO donors (N=3) and compared to wild type chondrocytes. The flow cytometry data 

was analyzed on FlowJo so�ware. The data was gated based on live cell popula�ons prior to ga�ng for 

MHC-I posi�ve cells. Similarly, the effects of TNFα on MHC I expression were explored.  
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Table 1: Chondrogenic Expansion Media 

Component Manufacturer/catalog # Expansi

on media 

Chondrogenic 

media 

DMEM Gibco 

10566-016 

Full 

strength 

Full strength 

Pen/strep 

amphotericin B 

BioWhitaker 

17-745E 

10 

mg/mL 

10 mg/mL 

MEM non-

essen�al amino 

acids 

Gibco 

11140-050 

10 

mg/mL 

10 mg/mL 

Insulin/human 

transferrin/seleniu

m (ITS+) premix 

Corning 

0354352 

10 

mg/mL 

10 mg/mL 

Sodium pyruvate Thermo 

P2256-25g 

100 

μg/mL 

100 μg/mL 

L-Ascorbate-2-

phosphate 

Sigma Aldrich 

A8960-5g 

50 

μg/mL 

50 μg/mL 

L-proline Sigma Aldrich 

P0380-100g 

40 µg/

mL 

40 µg/mL 

Dexamethasone Sigma Aldrich 

D4902-25mg 

0.0104 

mg/mL 

0.104 mg/mL 

Fetal bovine 

serum 

Atlanta biologicals 

S11550 

100 µL/

mL 

N/A 
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Human 

recombinant TGF 

beta 1 

Pepro Tech 

100-21 – 10 µg 

1 

ng/mL 

10 ng/mL 

Human 

recombinant FGF 

Pepro Tech 

100-18B – 100 µg 

5 

ng/mL 

N/A 

Human 

recombinant PDGF 

Pepro Tech 

100-14B 

10 

ng/mL 

N/A 

Human 

recombinant BMP-2 

Pepro tech 

120-02-100ug 

N/A 30ng/mL 

 

2.b. Engineering of MHC I-null costal chondrocytes.  

2b.1sgRNA Design and CRISPR plasmid Construction  

The sgRNA target sequence 5’ GAGTAAACCTGAACCTTCGG 3’ was taken from Sake et al [19]. We further 

validated the design of the sgRNA using the online tool CHOPCHOP [20]. The final sequences of the sgRNA 

targe�ng exon 2 of porcine β2M are as follows with the addi�onal nucleo�des (restric�on enzyme Bbsl, 

bolded): Forward oligo: 5’ CACCGGAGTAAACCTGAACCTTCGG 3’ and reverse oligo: 5’ 

AAACCCGAAGGTTCAGGTTTACTCC 3.’ to assist in liga�ng to the plasmid.  The oligos were annealed to form 

an oligo duplex with T4 PNK (Biolab M02015) and T4 Liga�on Buffer (NEB). The oligo duplex was ligated 

into the Bbsl cloning site of the CRISPR/Cas9 expression plasmid pSpCas9 (BB)-2A- Puro (PX459) (Addgene 

plasmid #62988) with Quick Ligase (M2200L) and Quick Buffer (Biolabs B2200S). The plasmid was then 

cloned, grown, and selected with 100ug/ml Ampicillin in E. coli competent bacteria (Biolabs C2992H) 

(Supplemental Figure 1). 
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2b.2 Transfec�on, Selec�on, Cell Culture  

Porcine costal chondrocytes were cultured in monolayer, as described above. Transfec�on was previously 

op�mized using JetOp�mus reagents (Polyplus 55-250) and a GFP plasmid (CAG-GFP was a gi� from Fred 

Gage (Addgene plasmid # 16664; htp://n2t.net/addgene:16664; RRID: Addgene_16664) During 

transfec�on op�miza�on, cells were seeded into a flask and allowed a few days to grow to approximately 

60-80% confluency. Cells (6*104) were transfected at either a 1:1 or a 1: 1.5 ra�o of GFP plasmid to 

Supplemental Figure 1: Liga�on of β2M sgRNA oligos into PX459 CRISPR vector. (A) Gene map and 
primers used for PCR verifica�on of posi�ve clones. Forward primer (black arrow) is encoded within 
the plasmid backbone slightly upstream of the guide sequence. The reverse primer used was the 
sgRNA reverse oligo of β2M (orange arrow). Standard PCR was performed to confirm successful 
liga�on of sgRNA into CRISPR/Cas9 PX459 plasmid.  (B) Confirma�on of three posi�ve clones with the 
β2M sgRNA insert within the plasmid with PCR. Posi�ve clones were detected by confirma�on of a 
100bp amplicon. Addi�onal larger sized bands represent remnant digested PX459 plasmid that did 
not ligate with β2M sgRNA. PCR cleanup was performed to remove remaining digested plasmid and 
purify posi�ve clones. (C) Sanger sequencing confirma�on of β2M sgRNA sequences ligated into the 
plasmid. The sgRNA is indicated in green while the PAM sequence is indicated in blue.  
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JetOp�mus transfec�on reagent and subjected to puromycin selec�on at 1µg/ml (Invitrogen Cat# QLL-43-

02-ANT-PR) 24 hours a�er transfec�on. Transfec�on efficiency was measured with fluorescent microscopy 

Supplemental Figure 2: Transfec�on op�miza�on with GFP plasmid and JetOp�mus Transfec�on 
Reagents. Porcine chondrocytes were plated in a 24 well plate at 6*104 cells per well. Cells were 
transfected with various concentra�ons of plasmid and 2 different varia�ons of plasmid (µg) to 
transfec�on reagent (µl) ra�os. Pictures were taken 24 hours a�er transfec�on in blind focus and 
with fluorescence microscopy. Human embryonic kidney cells (HEK) were used as a control. 
Transfec�on with a plasmid (µg) to transfec�on reagent (µl) ra�o of 1:1.5 were the most efficient 
(top two rows).  The most efficient transfec�on condi�ons used 0.5 µg of GFP plasmid and 0.75 µl of 
transfec�on reagent (1:1.5 ra�o).  
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(Supplemental Figure 2).  

 

Subsequently, costal chondrocytes were transfected and selected using similar methodology but with the 

pSpCas9-2A- Puro (PX459)- β2M oligo duplex vector. The media was replaced every 3-4 days over 2 cycles 

where selec�on media containing 1µg/ml of puromycin (Invitrogen- QLL-43-02) was alternated with 

regular expansion media un�l no decrease in number of chondrocytes was observed following selec�on 

media exposure. The β2M KO was performed on three different porcine costal chondrocyte cell lines 

(N=3). Also, transfec�on was performed twice on the different passage cell lines from the same donor.  

 

2b.3 Knockout Valida�on  

The disrup�on of β2M, gene was evaluated with Sanger sequencing performed on the DNA extract from 

the selec�on purified KO cell lines. In addi�on, β2M gene expression was assessed with RT-qPCR and 

ELISA. Finally, surface expression of MHC I in the KO cell lines vs. WT controls was assessed and quan�fied 

with flow cytometry.  

 

2b.3a DNA/RNA Isolation, PCR, and Sanger Sequencing 

Total DNA and RNA was extracted from porcine chondrocytes using Quick DNA/RNATM Miniprep Isola�on 

Kit (Invitrogen D7001) following the manufacturer’s protocol. DNA expression of porcine β2M exon 2 

(Forward primer 5’ TTGGCCTGAAGGGAAATGGG 3’; Reverse primer 5’ CACGCGGCAGCTATACTGAT 3’) was 

interrogated with standard PCR using Qiagen’s Taq DNA Polymerase (CAT: 201203). Cycle condi�ons were 

denatura�on at 95C for 3 min, followed by 35 cycles of 95C for 30s, annealing at 60C for 30s, and 72C for 

30s. A final extension at 72C for 10 minutes. The reac�on was controlled with GAPDH housekeeping gene. 

Immediately following PCR, the PCR product was submited to Azenta/Genewiz for Sanger sequencing 
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analysis. Reten�on of the KO was confirmed with Sanger Sequencing in early and advanced passages 

(Supplemental Figure 3). 

 

2b.3b ELISA  

β2M protein was detected in wildtype and Β2M knockout porcine chondrocytes using a sandwich β2M 

ELISA kit (MyBioSource MBS1604456) following manufacturer’s instruc�ons. Sample prepara�on 

consisted of harves�ng wildtype and KO cells from monolayers as previously described.  Cell suspension 

of 106 cells/ml PBS (pH 7.4) was lysed through five cycles of freeze-thaw. The micro�ter plate was pre-

coated with porcine β2M an�body.  Then standard and sample bound to bio�nylated β2M an�bodies was 

added.  Next the Streptavidin-HRP enzyme was added for color development.  The color intensity was 

Supplemental Figure 3: Alignment of Sanger sequencing results of primary transfected chondrocytes a�er 
several passages. (A) β2M Knockout (KO) sequence indicate an inser�on and two point-muta�ons 
following mul�ple rounds of puromycin selec�on and cell passaging. The following sequencing results 
represent β2M-KO cells at passage 11 with constant puromycin selec�on. PAM sequence is in blue and 
sgRNA is in green. The green sgRNA sequence is representa�ve of 20 nucleo�des of exon 2 of porcine β2M 
gene. (B) Based on the chromatogram results, it is possible that there is a mixture of many clones within 
the knockout popula�on. The most likely sequence of these clones is the sequence featured in (A) due to 
being the highest peaks within the chromatogram. Regardless, the chromatogram represents successful 
disrup�on of the β2M gene following the PAM sequence. 

 

A   
 

B 
 

  5’ TCCTCAGGTCCCCCGAA-GGTTCAGGTTTACTCACGCC  WT 
  5’ TCCTCAGGTCCCCCGTAAGGTTTAGGTTTACCCCCCCC β2M KO P11 
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propor�onal to the amount of porcine β2M present in the standard and sample.  The reac�on was 

stopped by an acidic solu�on and the absorbance was measured at 450 nm using the Filter Max F3 

Mul�Mode Microplate Reader (Molecular Devices).  A standard curve was constructed and β2M 

concentra�on (ng/ml) was determined in the wildtype and β2M knockout porcine chondrocyte samples 

using a 4-parameter regression analysis using the So�Max Pro 7.1 so�ware.  Data was presented as mean 

µg β2M/µg total protein.  Total protein in chondrocyte sample was measured using a BCA protein assay 

(Prometheus 18440) following manufacturer’s protocol.  

 

2b.3c qPCR 

For RT-qPCR analysis, total RNA was extracted using Quick DNA/RNA™ Miniprep Isola�on Kit (ZYMO 

D7001) following manufacturer’s protocol.  500ng of total RNA from each sample was used for reverse 

transcrip�on. cDNA was synthesized using SuperScript VILO Master Mix (Invitrogen 11755) following 

manufacturer’s protocol. The reverse transcrip�on thermocycling program consisted of 10 minutes at 

25°C, 120 minutes at 42°C, and a termina�on cycle of 85°C for 5 minutes.  Quan�Nova™ SYBR Green qPCR 

master mix (Qiagen 208052) was used to amplify the cDNA samples following manufacturer’s protocol 

using gene specific primers (Supplemental Table 1). The RT-qPCR was performed in duplicates on a 96-

well plate, in a 20 µl reac�on volume. Reac�on mixture consisted of 10 μl Quan�Nova™ SYBR Green qPCR 

master mix, 100ng of cDNA, 5uL nuclease free water, and 2 µl of each primer.  The RT-qPCR thermocycling 

regimen consisted of one cycle at 95°C for 2 minutes followed by 39 cycles at 95°C for 5 seconds and 55°C 

for 10 seconds.  The RT-qPCR was performed using the CFX96 Real Time PCR Detec�on System (BioRad). 

The rela�ve mRNA expression of genes was calculated by the 2 -△△CT method using GAPDH as the 

reference gene. 
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Supplemental Table 1 

Gene  Oligonucleo�de Sequence (5ʹ–3ʹ) 
Working 

Concentra�on 

GAPDH F: ACACTCACTCTTCTACCTTTG 10 µM 

 R: CAAATTCATTGTCGTACCAG 10 µM 

Collagen I F: GGATACGCGGACTTTGTTGC 10 µM 

 R: AGGGCCTGGGATACCATCAT 10 µM 

 Collagen II F: GAGAAACCATCAATGGCGGC 10 µM 

 R: GCTTTCTTGAGGTTGCCAGC 10 µM 

Comp F: AGATAACGCTGGGTGCAGAC 10 µM 

 R: GTCACACTCCATCACCGTGT 10 µM 

Arginase F: CCTGACTGTGTCTTCCGTTCA 10 µM 

 R: CAGCCAGTCTTCCCTCTCAG 10 µM 

Sox-9 F: AGCAAGACTCTGGGCAAACT 10 µM 

 R: GCCGTTCTTCACCGACTTTC 10 µM 
 

2b.3d MHC I expression in β2M-KO Chondrocytes 

Surface expression of MHC I was assessed and quan�fied via flow cytometry as described in 2a.3 following 

three-day s�mula�on with 0ng and 10ng/ml of IFNγ (Bio-Rad PPP022 5ug).  

 

2b. 3e Off-target analysis 

Possible off-target loca�ons of CRISPR/Cas9 were iden�fied and analyzed with CRISPOR and CHOPCHOP. 

Off-target analysis was compared to results of Sake et al [19], who used the same guide sgRNA. 

 

2c. Assessment of β2M KO cell lines Immunogenicity in co-culture with allogeneic lymphocytes 

Porcine allogeneic lymphocytes were isolated from whole blood using Ficoll-Plaque method [21]. Isolated 

lymphocytes were plated in co-culture with porcine chondrocytes (β2M KO and WT) in lymphocyte culture 

media (RPMI 1640 supplemented with 10% FBS, 1% Gluta-Max, 1mM Na Pyruvate, 2mM HEPES, 1ul/ml 
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MEM NEA, and 55uM β-mercaptoethanol, and 100µg/mL human recombinant interlukin-2.  Prior to co-

culture, porcine chondrocytes (wild type and β2M KO cell lines), were pre-s�mulated with 10ng/ml IFNy 

for three days. Co-culture was done at 1:1 cell ra�o for 4 days total. On the third day, 1uM of 5-ethynyl-2-

deoxyuridine (Edu) was added to all co-culture groups. On the fourth day, the supernatant containing 

lymphocytes was collected and lymphocyte prolifera�on was analyzed with the Click-It EDU Assay Kit 

(Thermo C10420). Lymphocytes were also labeled with fixable viability dye (Invitrogen Ref 65-0865-14). 

The flow cytometry data was analyzed on FlowJo so�ware. These experiments were carried out in 

duplicates and repeated on three β2M KO cell lines (N=3).   

 

2d. MHC I-null Car�lage Tissue Engineering  

2d.1 Aggregate Redifferentiation 

Following sufficient monolayer expansion (2.a.2), wildtype and β2M-KO chondrocytes were suspended in 

chondrogenic media (Table 1) and seeded into 90 mm Petri plates coated with 20mg/ml agarose at a 

density of 1 million cells/mL in a total volume of 15 to 20 mLs. Cells were cultured according to previously 

published protocol [17] at 37°C in 5% CO2 with orbital rota�on at 60 RPM for 24 hours. A�er 24 hours, 

plates were maintained under the same condi�ons but sta�c. The media was replenished every 3-4 days 

for a total of 10 days. On the 11th day, aggregates were digested to single-cell suspension with 15 mL/plate 

of 0.05% Trypsin for 45 min at 37°C followed by diges�on in 15 mL of 2 mg/mL collagenase solu�on 

supplemented with 30 µL/mL (3% v/v) FBS for 90 min. Following an addi�onal wash step, the cell count 

was obtained, and cell viability was assessed with Trypan blue vital staining.  

 

2d.2 Construct Seeding (self-assembly) 

Wildtype and β2M-KO constructs were seeded at 8 million cells in a seeding volume of 300 μL of 

chondrogenic media into custom-made 7mm x 12mm agarose molds. A�er 4 hours, constructs were 
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topped off with an addi�onal 2 mL chondrogenic media supplemented with 10 ng/mL TGFβ-1 (Table 1). 

The constructs were provided with chondrogenic media that was replenished every other day for the 

dura�on of four weeks, at which point construct development was stopped. All constructs were subjected 

biomechanical and biochemical tes�ng and histology on day 28 of self-assembling. 

 

2d.3 Mechanical Testing 

For tensile mechanical tes�ng, dumbbell-shaped samples were cut from wildtype and β2M -KO constructs 

while maintaining a length to width of approximately 4:1. Each dumbbell shaped sample was 

photographed. Thickness and width were measured and recorded using imaging so�ware (ImageJ, U. S. 

Na�onal Ins�tutes of Health, Bethesda, Maryland). A uniaxial tensile test was performed on a material 

tes�ng machine (Instron 5565, Norwood, MA). The samples were elongated at a strain rate of 1%-gauge 

length per second. Stress/strain curves were generated from the load-displacement data. The load, 

elonga�on, and specimen geometry (width and thickness) were loaded into analysis so�ware (Matlab, 

MathWorks, Na�ck, MA) and analyzed with a custom program that plots load normalized to cross-

sec�onal area and strain. The output was used to iden�fy the linear por�on of the curve to determine 

tensile s�ffness (Young’s modulus) and the ul�mate tensile strength (UTS) point. 

 

For compressive mechanical tes�ng, flat 3mm in diameter specimens were obtained from wildtype and 

β2M-KO constructs using a punch-biopsy knife. For the dura�on of compressive tes�ng, samples were 

submerged in PBS at room temperature. A uniaxial, unconfined stress-relaxa�on tes�ng was carried out 

on Instron 5565 (Norwood, MA). Samples were strained to 10% and 20% sequen�ally and allowed to relax 

for 600 and 1200s, respec�vely. The instantaneous (Ei) and relaxa�on moduli (Er) were calculated using a 

custom Matlab program upon fi�ng the data to a Kelvin solid viscoelas�c model at each strain level [[22].  
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2d.4 Biochemical Testing 

The wet and dry weights of representa�ve samples from wildtype and β2M -KO constructs were obtained 

before and a�er 24-hour lyophiliza�on, respec�vely. Lyophilized samples were digested in papain solu�on 

(125 μg/mL Papain + 5 mM N-Acetyl-L-Cysteine + 5 mM EDTA (anhydrous) + 100mM Phosphate Buffer) at 

1μl of diges�on solu�on per 1μg of sample dry weight at 60C for 18 hours. The collagen content was 

assessed by OH-Proline Assay (Sigma Aldrich) following the manufacturer’s instruc�ons. The collagen 

content was then calculated based on a bovine collagen standard curve. The concentra�on of sulfated 

glycosaminoglycans in each sample was determined via a GAG Blyscan Assay (Bicolor Life-Science Assays) 

based on 1, 9-dimethyl methyl blue binding, following manufacturer instruc�ons. The DNA content was 

assessed via a Pico Green assay (Invitrogen Quan�-iT PicoGreen dsDNA Assay kit) based on pico green 

fluorescent dye that bind to double-stranded DNA, following the manufacturer instruc�ons. From this 

data, we were able to infer the number of cells per sample. 

 

2d.5 Histology 

Representa�ve samples from wildtype and β2M -KO constructs were fixed in 10% buffered formalin and 

processed for standard histology and paraffin embedded subsequently [23]. A 5µm sec�ons were 

obtained from the paraffin blocks and stained with hematoxylin and eosin (H&E), Safranin O/Fast Green, 

and PicroSirius Red for qualita�ve assessment of general morphology, cellularity, glycosaminoglycan 

content, and collagen, respec�vely.  

 

2e. Sta�s�cs 

Sta�s�cal analyses were carried out GraphPad Prism version 9.5.1 (GraphPad So�ware, Dotma�cs, 

Boston, Massachusets, USA). All data presented are expressed as means with standard error. All data 

were checked for normality and log-transformed when needed. A paired t-test was used to compare 
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wildtype chondrocytes and β2M-KO chondrocytes in MHC-I expression, β2M expression in qPCR and 

ELISA, PBMC prolifera�on and subtype distribu�ons, construct biomechanical proper�es, and construct 

biochemical composi�ons. Results were considered sta�s�cally significant at p < 0.05. 

 

3. Results  

3a. Valida�on of MHC-I expression on porcine chondrocytes (Figure 2)  

Wildtype porcine chondrocytes were pre-s�mulated with physiological concentra�ons (0.1-10 ng/mL) of 

IFNγ for three days and labeled with an an�-MHC class I-FITC conjugated an�body. MHC class I expression 

was quan�fied with flow cytometry (Figure 2A). Wild type chondrocytes had very litle to no expression 

of MHC class I when exposed to IFNγ concentra�ons of 0.1ng/ml of IFNγ. However, the MHC class I 

expression increased drama�cally upon cell s�mula�on with 1 and 10ng/ml of IFNγ. A significant 

difference in MHC-I expression by chondrocytes (Figure 2B) under physiologically-relevant concentra�ons 

of IFNγ invited us to further inves�gate and compare the immunologic behavior of MHC – I-null 

chondrocytes vs. wild type controls. 

 

3b. Genera�on of β2M-KO chondrocytes  

Figure 2: MHC-I expression on wildtype costal chondrocytes s�mulated with IFNγ. (A) Flow 
cytometry dot plots showing the increase in MHC-I (FITC) expression of chondrocytes when 
s�mulated with 0, 0.1, 1, and 10ng/ml of IFNγ. The concentra�ons of IFNγ reflect physiological 
condi�ons of a normal and arthri�c joint. (B) Quan�fica�on of repea�ng the experiment in panel A 
in three different knockout cell lines (N=3).  
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3b.1 β2M KO plasmid vector construction  

The sgRNA was designed to target the reverse strand of exon 2 of the porcine β2M gene to effec�vely 

generate MHC class I-null chondrocytes. The oligos were successfully ligated into Bbsl digested pSpCas9 

(BB)-2A- Puro (PX459) plasmid. Following liga�on, the plasmid was cloned with E. coli competent bacteria. 

The liga�on was confirmed with PCR and Sanger sequencing (Sup. Fig. 1).  

 

3b.2 Chondrocyte transfection efficiency was optimized using a GFP labeled plasmid (Sup. Fig. 2).  

Transfec�on op�miza�on was performed in a 24 well format. We observed that transfec�on was most 

efficient at a 1: 1.5 ra�o of GFP plasmid to JetOp�mus transfec�on reagent with 0.5ug of plasmid.  

3b.3 Valida�on of β2M Knockout 

3b.3a Sequencing 

Chromatogram results indicate a single base inser�on in both KO clones (Figure 3) resul�ng in a frame 

shi�. This shi� con�nues downstream for the remainder of the gene sequence. Thus, the results confirm 

disrup�on of the gene. In contrast, chromatogram results for wildtype chondrocytes display singular peaks 

Figure 3: Alignment of Sanger sequencing results of primary transfected chondrocytes. Wildtype (WT) 
sequences indicate the genomic sequence of porcine B2M. Knockout (KO) sequence indicate the B2M 
sequence of the primary chondrocytes a�er transfec�on and a�er selec�on. (A) Clone 1 demonstrates 
an inser�on directly following the PAM site while clone 2 has a subs�tu�on of a T base directly a�er 
the PAM site. PAM sequence is in blue and sgRNA is in green.  Red nucleo�des are inser�ons. The 
green sgRNA sequence is representa�ve of 20 nucleo�des of exon 2 of porcine B2M gene. (B) The 
chromatogram results of wildtype chondrocytes with normal expression of porcine B2M gene. (C) The 
chromatogram results of KO chondrocytes with a mixture of mul�ple clones as specified in (A).  Double 
peaks indicate disrup�on of B2M gene.  

 

A 

B 
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which indicates that exon 2 of β2M has not been disrupted. Similar sequencing procedure was performed 

on β2M-KO chondrocytes following many passages with equivalent outcomes (Supplemental Figure 3).  

  

Figure 4: Upregula�on of MHC-I in the presence of IFNy. The groups are categorized as follows: 
wildtype (WT) chondrocytes, chondrocytes transfected with mock control (PX459), or chondrocytes 
transfected with PX459 with ligated B2M oligos (B2M KO). Panel (A) shows the ga�ng strategy for 
the flow analysis. The y axis is side scater for all plots whereas the x axis is the following channels 
from le� to right: Forward Scater (FSC) (first column), Viable cells (second column), or MHC-I 
posi�ve cells (third column). Panel (B) is displaying the average number of MHC-I posi�ve cells from 
three separate experiments (N=3 donors; n=5 replicates). Panel (C) QPCR Analysis. Pig chondrocytes 
transfected with empty PX459 backbone plasmid or B2M-KO chondrocytes were analyzed with qPCR 
for genomic and cDNA expression. All data is calculated by ΔΔCt normalizing to GAPDH and PX459 
backbone as the control. B2M-KO chondrocytes showed a decrease in expression of B2M gene at 
both the genomic and cDNA level (N=3). Panel (D) ELISA. Wildtype (WT) chondrocytes show higher 
protein expression of B2M in comparison to B2M KO chondrocytes (N=3).  Results were considered 
sta�s�cally significant at p<0.05 (*).   
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3b.3b MHC-I Expression of β2M-KO Chondrocytes 

Wildtype and β2M-KO chondrocytes were pre-s�mulated for 3 days with or without 10ng/ml IFNγ. Cells 

were stained as previously described in 3a. Wildtype and β2M-KO chondrocytes showed litle to no 

expression of MHC-I with no IFNγ pre-s�mula�on. However, following s�mula�on with IFNγ, MHC-I 

expression increased in wildtype cells but remained low to no expression in β2M-KO chondrocytes (Figure 

4A). MHC-I expression was quan�fied on three different knockout cells demonstra�ng a downregula�on 

in in MHC-1 protein surface expression between WT and KO cell lines ().  

 

3b.3c q-RT-PCR of β2M expression 

RNA extracted from wildtype and β2M-KO chondrocytes was used to synthesize cDNA as previously 

described in 2b.3c. The level of β2M expression was quan�fied and normalized to GAPDH expression. All 

calcula�ons were formulated using the delta-delta-CT method. PCR analysis inves�gated the expression 

of β2M at the genomic and RNA levels. There were no significant changes in gene length at the genomic 

level; however, there was a significant decrease in β2M expression in β2M-KO chondrocytes in comparison 

to WT chondrocytes at the RNA level (Figure 4C). The decrease in β2M expression at the RNA level can be 

explained by the presence of a premature stop codon immediately following the PAM sequence in exon 2 

of porcine β2M.  

 

3b.3d ELISA (Figure 4d) 

β2M protein expression trended higher in wildtype chondrocytes compared to β2M-KO chondrocytes but 

insignificantly (Figure 4d).  

 

3b.3e Off-Target Analysis 
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We iden�fied 427 total off targets, 13 of which were exonal. The total off-targets disagree with Sake et al. 

[19] who found only 66 off-targets and no exonal off-targets despite using the same guide sgRNA and off-

target analysis so�ware (Supplemental Table 2).   

 

3c. Valida�on of Knockout Func�onality 

3c.1– Immunologic Effects of β2M-KO on Allogeneic Peripheral Blood Mononuclear Cell (PBMC) 

Proliferation (Figure 5a) 

In order to determine the func�onal efficacy of knocking out β2M, we explored the reac�vity of allogeneic 

PBMCs to β2M-KO and WT chondrocytes by measuring PBMC prolifera�on. Allogeneic PBMCs had 

significantly higher prolifera�on when co-cultured with wildtype chondrocytes compared to β2M-KO 

chondrocytes (Figure 5). In addi�on, although insignificant, PBMCs had higher prolifera�on when co-

cultured with wildtype chondrocytes compared to PBMCs s�mulated alone.  

 

3c.1– Immunologic Effects of β2M-KO on Lymphocyte Granzyme Release (Figure 5b) 

Since cytotoxic T cells (CD8 lymphocytes) and NK cell’s mechanism of killing target cells is via granzyme 

mediated perfora�on, we explored granzyme concentra�ons in the supernatants from co-culture 

experiments using ELISA. We detected no significant differences in granzyme secre�on in WT and β2M-

KO co-culture supernatants (Figure 5b).  

3d. Tissue engineering of immuno-universal car�lage 

3d.1 – Gross appearance of the constructs (Figure 6a) 
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Tissue engineered car�lage constructs from both WT and β2M-KO chondrocytes were created in order to 

validate that the KO had no effect on chondrogenic capacity. The morphology of wildtype and β2M-KO 

sourced car�lage constructs was smooth and flat (Figure 6A) and not grossly different from each other. 

Figure 5: Lymphocyte Reac�vity to Wildtype vs β2M-KO Chondrocytes. (A) 
Peripheral Blood Mononuclear Cells (PBMCs) were cultured in four groups: 
PBMCs alone with no s�mula�on, PBMCs alone with IL-2 s�mula�on, PBMCs 
with IL-2 s�mula�on and wildtype chondrocytes, and PBMCs with IL-2 
s�mula�on and β2M-KO chondrocytes. PBMC prolifera�on was measured 
with Edu-ClickIt prolifera�on assay. PBMCs had higher prolifera�on when co-
cultured with wildtype chondrocytes than when cultured with β2M-KO 
chondrocytes or PBMC alone with s�mula�on. (B) The supernatant of PBMC-
chondrocyte co-cultures were collected for granzyme analysis. Results show 
significant differences between control wells and both co-culture groups. 
However, there were no significant differences between wildtype and β2M-KO 
co-culture wells. Results were considered sta�s�cally significant at p<0.05 (*).   
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The average dimensions of wildtype chondrocyte derived car�lage constructs were 7.97± 0.664 mm in 

Figure 6: Tissue-engineering of immune universal car�lage constructs. (A) Gross morphology of car�lage 
constructs derived from wildtype costal chondrocytes (n=6) or β2M-KO chondrocytes (n=3). (B) Histology of 
car�lage constructs derived from wildtype costal chondrocytes or β2M-KO chondrocytes. H&E staining shows 
overall cellularity whereas Picrosirius red and Safranin-O show collagen and GAG staining, respec�vely. (C) 
Car�lage constructs derived from wildtype costal chondrocytes or β2M-KO chondrocytes show similar GAG 
concentra�ons. (D) Car�lage constructs derived from wildtype costal chondrocytes or β2M-KO chondrocytes 
show slightly less collagen in β2M-KO. (E) Car�lage constructs derived from wildtype costal chondrocytes or 
β2M-KO chondrocytes show similar cellular density. (F) Car�lage constructs from wildtype costal chondrocytes 
or β2M-KO chondrocytes show similar compressive proper�es at 10% and 20% strain for both instantaneous 
and relaxa�on moduli. (G) Car�lage constructs from wildtype costal chondrocytes or β2M-KO chondrocytes 
show similar ul�mate tensile strength. (H) Car�lage constructs from wildtype costal chondrocytes or β2M-KO 
chondrocytes show similar young’s modulus. Results were considered sta�s�cally significant at p<0.05 (*).   
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width and 16.1035 mm ± 2.73 mm in length. The average dimensions of β2M-KO chondrocyte derived 

car�lage constructs were 7.937 mm ± 0.3985 mm in width and 16.357 mm ± 0.5831 mm in length. Based 

on gross morphology of the car�lage constructs, there were no detectable differences.  

 

3d.2 – Histology (Figure 6b) 

On histological and morphological evalua�on of the constructs generated from the WT costal 

chondrocytes or β2M-KO chondrocytes no obvious differences were noted. Both constructs were equally 

cellular and had even distribu�on of cells though the �ssue. All cells appeared viable and exhibited normal 

chondrocyte morphology, where single cell resides within a single lacuna surrounded by homogeneous 

basophilic extracellular matrix. The extracellular matrix basophilic staining on H&E indicates abundance 

of glycosaminoglycans. This observa�on is supported by strong dark pink-orange staining with Safranin 

O/Fast green. Collagen is highlighted in pale pink in the ECM between lacunae and in the acellular band 

circumferen�ally with Picro Sirius Red stain.  

 

3d.3 – Biochemical data (Figure 6c-e) 

Biochemical analyses supported the histological observa�ons. Biochemical analyses revealed no 

significant differences between WT and β2M-KO in total GAG, collagen, and DNA content. (Figure 6C).  

 

3d.4 – Mechanical data (Figure 6f-g) 

We performed compressive and tensile tes�ng on car�lage constructs to determine if the KO affected the 

mechanical durability of the �ssue. TE car�lage constructs derived from wildtype and β2M-KO 

chondrocytes, showed similar trends in compressive (Figure 6F) and tensile proper�es (Figure 6G). No 

significant differences were detected for relaxa�on modulus and instantaneous modulus at 10% and 20% 

strain, respec�vely, between wildtype and β2M-KO chondrocytes derived TE car�lage constructs. In 
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addi�on, no significant differences were detected for ul�mate tensile strength (UTS) and Young’s modulus 

between wildtype and β2M-KO chondrocytes derived TE car�lage constructs. In conclusion, no significant 

differences in mechanical durability were caused from the KO.  

 

4. Discussion 

This study is the first to degenerate MHC-I-null, immuno-universal scaffold-free car�lage constructs. 

Addi�onally, this study showed that MHC I expression in chondrocytes is upregulated under inflammatory 

condi�ons and that co-culture of such chondrocytes induces allogenic lymphocyte prolifera�on. MHC-I-

null chondrocytes were generated through the disrup�on of β2M gene using CRISPR-Cas9 technology.  

The knockout was confirmed with Sanger sequencing, flow cytometry, qPCR, and ELISA. The 

immunological difference between the KO and WT chondrocytes was then demonstrated in series of co-

culture experiments with allogeneic lymphocytes. We detected a significant decrease in lymphocyte 

prolifera�on in co-cultures with β2M-KO chondrocytes vs. WT. In addi�on, we successfully �ssue-

engineered scaffold-free car�lage constructs from the gene�cally modified chondrocytes.  These 

constructs displayed similar biochemical composi�on and mechanical robustness to constructs sourced 

from wildtype chondrocytes. Collec�vely, this study demonstrates feasibility of engineering immuno-

universal car�lage constructs or cell-suspensions for poten�al therapeu�c applica�ons.  

 

The major hurdle to the clinical transla�on of allogeneic chondrocytes, is the lack of assurance of 

immunological safety and efficacy. The main culprit to the immunological safety concerns of transplan�ng 

allogeneic cells and �ssues is the expression of major histocompa�bility complex MHC I molecule. Our 

data demonstrate that MHC I play a role in the immune recogni�on of chondrocytes by allogeneic 

lymphocytes and that this recogni�on is enhanced by IFNγ s�mula�on, which is very realis�c scenario in 

arthri�s. Our findings agree with findings by Adkisson et al. [24], who showed that chondrocytes have 
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rela�vely low expression of MHC-I unless s�mulated with IFNγ (Figure 2). However, our results contrast 

with Adkisson et al.  in regard to lymphocyte prolifera�on, who argued that chondrocytes are immune 

evasive due to high protein expression of B7 co-s�mulatory inhibitors and chondrocyte’s inability to 

s�mulate T cell prolifera�on[24]. The later discrepancy can be due to the difference in the lymphocyte 

prolifera�on techniques used. Addi�onally, according to Hu et al. [25], there could be  several 

inflammatory subtypes of chondrocytes that may par�cipate in the ac�va�on of immune cells and 

complement-mediated mechanisms in osteoarthri�s due to their higher expression of inflammatory 

chemokines. Further inves�ga�on, par�cularly using in vivo model will help determining the importance 

of MHC-I molecule in bio-integra�on of na�ve or engineered car�lage allogra�s.   

 

This study successfully reproduced the experimenta�on by Sake et al [19], where MHC-I expression was 

abolished via gene�c disrup�on of β2M gene. We also confirmed that MHC-I expression is significantly 

downregulated even in the presence of IFNγ (Figure 4). Provided MHC-I is a polygenic and polymorphic 

trait, achieving its silencing via disrup�on of a single gene is an elegant, efficient, and �me-saving 

approach. This study’s results show that successful disrup�on of the gene is reproducible in mul�ple 

clones (Figure 3) and that puromycin selec�on of the KO cells is feasible and effec�ve, because the 

knockout was maintained throughout mul�ple passages (Supplemental Figure 3). The later is significant, 

because it eliminated the need in flow-assisted cell sor�ng which can be expensive, requires sophis�cated 

equipment and can be damaging to cells. To ensure the consistency of the KO, we performed at least two 

rounds of puromycin selec�on. Interes�ngly, this study’s results indicate that despite the disrup�on, β2M 

gene is s�ll transcribed (PCR data) and translated to protein (ELISA data). These results suggest that the 

KO has a greater effect at the transla�on level then at the genomic level. Nevertheless, func�onal MHC-I 

complex is not achieved (flow cytometry data) (Figure 4). These observa�ons suggest that the assembly 
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of MHC-I is dependent on its func�onal counterparts and more studies are needed to determine the fate 

and the amino-acid sequence of the β2M protein.  

 

The co-culture assays demonstrated a decrease in allogeneic peripheral blood mononuclear cell (PBMC) 

prolifera�on when cultured with β2M-KO chondrocytes in comparison to wildtype chondrocytes (Figure 

5). In addi�on, although insignificant, PBMCs had higher prolifera�on when co-cultured with wildtype 

chondrocytes compared to PBMCs s�mulated alone.  These results indicate that wildtype chondrocytes 

have immunogenic proper�es and that engineering β2M-KO chondrocytes would be necessary to shield 

chondrocytes from immunologic detec�on during car�lage transplanta�on. This data is further validated 

by observa�ons made by Wang et al. who found reduced prolifera�on of peripheral blood mononuclear 

cells when co-cultured with induced pluripotent stem cells with gene�cally disrupted β2M gene in a 

monkey model [26]. We briefly explored the total number of CD8 T cells and total number of prolifera�ng 

CD8 T cells in one KO cell line. Our results showed a reduc�on in the total number of CD8 T cells and total 

number of prolifera�ng CD8 T cells when allogeneic PBMCs were co-cultured with β2M-KO chondrocytes 

in comparison to wildtype chondrocytes (data not shown). These observa�ons indirectly correlate with 

data found by Gornalusse et al [27] who found that β2M-KO embryonic stem cells were not lysed by CD8 

T cells in vitro. These observa�ons agree with the common knowledge of MHC-I-CD8 T cell interac�on. 

Specifically, one of CD8 T cell’s func�ons is to recognize MHC-I complex and foreign or altered pep�des 

presented by it [13]. In case of recogni�on of non-self CD8 become polarized and ac�vated to lyse the 

target cells.  

 

Although elimina�on of MHC expression reduces lymphocyte recogni�on, the downregula�on of MHC 

can be detected by natural killer (NK) cells through the “missing self-response” [13]. In addi�on, the 

presence of minor histocompa�bility molecules and �ssue-specific an�gens may s�ll result in rejec�on 
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[13]. Fortunately, various strategies mirroring mechanisms seen in nature have been proposed for cells to 

evade immune detec�on [28]. One strategy is the gene�c induc�on of immune-modulatory non-classical 

MHC molecules. Gornalusse et al [27] demonstrated that β2M null embryonic stem cells and their 

differen�ated cell types were able to evade NK cell detec�on with the gene�c knock-in of HLA-E in vitro 

and in vivo [27]. In addi�on, gene-edited cells also avoided humoral responses [27]. The results of the 

granzyme ELISA in this study suggest that there are no differences in NK mediated lysis of β2M-KO 

chondrocytes., Therefor, further gene�c manipula�on to evade NK cells may not be needed for 

chondrocytes or car�lage �ssue. Albeit, more in vitro and in vivo inves�ga�ons of β2M-KO chondrocytes 

or β2M-KO chondrocyte derived car�lage �ssue is needed to determine if further manipula�on is needed 

to evade NK cell detec�on.  

 

Acknowledging poten�al off-target effects of CRISPR/Cas9 gene disrup�on we iden�fied 427 total off 

targets, 13 of which were exonal. The predicted func�on of one of the exonal off-targets was cell growth 

and prolifera�on (Supplemental Table 2). Nevertheless, we were able to expand the KO chondrocytes to 

the millions of cells sufficient to �ssue engineer dozens on car�lage constructs. These constructs had 

biomechanical and histological proper�es on par with constructs derived from the wild type cells thus we 

do not suspect any significant off-target effects, although further studies are needed to confirm o 

chromosomal aberra�ons or disrup�on of other genes.   

Supplemental Table 2 
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Tissue engineered car�lage constructs derived from β2M-KO chondrocytes revealed no biomechanical or 

histological differences from car�lage constructs derived from wildtype chondrocytes (Figure 6). No 

studies, to our knowledge, have constructed car�lage �ssue from gene�cally modified cells. In the current 

study, we observed a slight decrease in car�lage compressive proper�es as well as collagen and 

glycosaminoglycan content in comparison to wildtype derived car�lage constructs, although insignificant. 

This data indirectly suggests that chondrogenesis is not affected by gene�cally modified chondrocytes. 

This conclusion aligns with Chen et al [29] who observed enhanced chondrocyte prolifera�on, ECM 

synthesis and expression of collagen type II in chondrocyte sheets following microRNA targe�ng of 

MMP16. In addi�on, Cui et al [30] showed that car�lage-derived morphogene�c protein 1 transgenic 

�ssue-engineered chondrocyte sheets were successfully constructed, transplanted, and repaired rabbit 

laryngeal car�lage defects. More car�lage characteriza�on studies are needed to determine if β2M-KO 

chondrocyte derived car�lage �ssue is func�onally biomime�c and can integrate and survive long-term 

in vivo. 

 

In conclusion, the data from this study uncover chondrocyte immunogenic proper�es and introduce β2M-

KO chondrocytes as a poten�al solu�on for cell therapy or car�lage �ssue engineering. This study’s most 

significant finding is strong evidence against the claim for car�lage immune privilege and a decrease in 

PBMC prolifera�on when β2M-KO chondrocytes were co-cultured with allogeneic PBMCs. The limita�ons 

of this study were the inability to explore the prolifera�on and polariza�on of various lymphocyte subsets 

due to limited availability of porcine an�bodies and insufficient understanding of porcine lymphocy�c 

immunophenotypes. Nevertheless, the results of this study challenge and invite explora�on into car�lage 

immunology with various inflammatory environments. Future in vivo studies need to explore the 
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relevance and the effect of MHC I matching in bio integra�on of �ssue engineered car�lage constructs 

and single cells.  
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Abstract 

Temporomandibular joint (TMJ) disorder is characterized by the degenera�on, thinning and occasional 

perfora�on of the fibrocar�laginous disc within the joint. This disorder leads to arthri�s which is 

irreversible due to the poor regenera�ve capacity of TMJ disc. Current �ssue engineering (TE) therapies 

offer biomime�c car�lage constructs derived from costal chondrocytes for implanta�on; however, there 

are major limita�ons to u�lizing costal chondrocytes as the primary autologous cell source is the invasive 

�ssue collec�on and progressive ossifica�on of costal car�lage with age. Furthermore, costal car�lage is 

not elas�c type of car�lage while TMJ disc is known to poses elas�c fibers in the postero-lateral 

atachment sites. These limita�ons invited the explora�on of novel cell sources that would eliminate both 

issues. The objec�ve of this study is to determine if auricular car�lage can be used to generate a TE 

car�lage constructs with chondrogenic proper�es akin to the na�ve TMJ disc. We tested the u�lity of 

auricular chondrocytes for car�lage TE using scaffold-free self-assembling technology. We successfully 

generated car�lage constructs from auricular chondrocytes from three donors. We found that constructs 
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derived from auricular chondrocytes had an instantaneous compressive s�ffness between 37kPa- 472kPa. 

The Young’s modulus was 2.0 MPa and the ul�mate tensile strength (UTS) was 0.619 MPa. Auricular 

chondrocyte derived constructs contained 0.144 ug collagen per ug dry weight, 0.185ug GAG per ug dry 

weight, 0.384ng per ug dry weight, and 81.95 ug elas�n per mg dry weight. In conclusion, the results from 

this study show that auricular chondrocytes can be used a reliable and easily accessible cell source for TE 

car�lage implants for TMJ disorders.  

 

Key Words: auricular, chondrocytes, �ssue-engineering, temporomandibular joint disorder 

 

Introduc�on: 

The temporomandibular joint (TMJ), or jaw joint, is a synovial joint that essen�al for everyday func�ons 

such as talking and chewing. Temporomandibular joint disorder (TMD) is usually characterized by mul�ple 

symptoms such as headaches, neck, back, and TMJ pain [31]. This disorder affects 5-12% of the world’s 

popula�on with a high prevalence in younger persons and women[32]. Although some individuals with 

this disorder do not seek out medical care, a na�onal survey reported that total health care costs per 6-

month period for an individual with TMD ranged from $400-625 US dollars [33] with a total economic 

impact of $4 billion annually [34]. These costs are mainly spent on allevia�ng the symptoms of the 

disorder rather than cure. Temporomandibular joint disc (TMJD) derangement has been described as the 

main precursor to TMD and degenera�on of the en�re joint.  The TMJD is a fibrocar�laginous structure 

of the TMJ, posi�oned between the mandibular condyle and the base of the skull [22]. Its main func�ons 

are to bear mechanical load, allow for congruity between the parts of the joint, and provide smooth 

movement between the ar�cula�ng components of the TMJ [22]. TMJD condi�ons include disc 

displacement, disc thinning, and disc perfora�on [35, 36]. The complex mechanism of these condi�ons 
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con�nues to be elucidated through research, however a successful therapeu�c treatment for TMD’s has 

yet to be found.   

 

Current TMD treatments vary from symptoma�c therapy for those who are in the early stages of TMD or 

invasive surgery which is reserved for more advanced cases [37]. Invasive surgeries entail either 

diskectomy [38] or replacement with a total prosthe�c joint [39]. Although diskectomies relieve pa�ents’ 

symptoms, this procedure causes condylar remodeling[40-42]. While total prosthe�c joints induce 

heterotopic bone forma�on around the implant leading to decreased joint mobility and pain [39, 42]. The 

lack of efficacious treatment op�ons invites the discovery of a novel therapy for TMJD.  

 

Advancements in �ssue engineering technology offer promising �ssue replacement op�ons for pa�ents 

with TMD. Tissue engineering is the combina�on of cells, scaffolds and biochemical and mechanical 

s�muli to construct a new �ssue[43-45]. However, scaffold �ssue engineering presents the risk of scaffold 

degrada�on and toxicity, immunogenicity, and scaffold-driven altera�on of the cell phenotype [46]. 

Scaffold-free method eliminates scaffold-related pi�alls and was demonstrated to be successful in 

car�lage �ssue engineering [47]. This methodology allows chondrocytes to self-assemble and recapitulate 

the proper�es of na�ve �ssue where extracellular matrix is produced by the cells instead of being 

provided exogenously [47-49]. Previous studies u�lized both ar�cular chondrocytes and costal car�lage 

[50, 51] as a cell source for TMJD �ssue engineering. Although costal chondrocytes yield implants with 

robust extracellular matrix and high mechanical integrity [22] their use for autologous applica�ons is not 

as atrac�ve. The later is due to significant second site morbidity that would be needed for the harvest 

of cells. Furthermore, costal car�lage is not an elas�c type of car�lage and thus costal chondrocytes are 

not programed to generate elas�c fibers [52].  Addi�onally, costal car�lages have age-dependent 

tendency to undergo ossifica�on [53], rendering them even more limited for use as a cell source especially 
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in the adults. Cumula�vely, these limita�ons call for the explora�on of a novel cell source. Recently, 

auricular chondrocytes (AuC) (car�lage cells from the ear) have emerged as a poten�al cell source for 

�ssue engineering [54]. Provided the elas�c fibers are an essen�al structural component of the TMJ disc 

[55] auricular car�lage elas�c proper�es and less invasive �ssue harves�ng make auricular car�lage an 

atrac�ve poten�al cell source for TMJD �ssue engineering. 

 

In order to translate this to human medicine, �ssue engineered TMJ implants need to be evaluated for 

safety and feasibility in large animal models. The farm pig model is o�en u�lized in research se�ngs, 

especially within the den�stry and maxillofacial sector [56]. Since pigs are physiologically and anatomically 

similar to humans in their maxillofacial characteris�cs, this makes them a suitable research subject for this 

study, especially the Yucatan Minipig [57]. Due to its miniature form, the Yucatan Minipig offers a solu�on 

to the farm pigs pi�alls of handling, rapid growth, housing space requirements, surgery, anesthesia, and 

food costs [57]. Furthermore, elas�c fibers are an important cons�tu�ve of the TMJ disc and in human 

disc their highest concentra�on in in the posterior and lateral atachments [58].  In one report from 1975 

similar distribu�on of elas�c fibers was reported in minipigs [59]. Auricular car�lage is defined as elas�c 

type of car�lage due to presence of elas�c fibers [60] while costal car�lage is not. Thus, addi�onal 

advantage of auricular chondrocytes could be their na�ve ability to generate elas�c fibers.   

 

The first objec�ve of this study was to examine the popula�on kine�cs of AuC’s expanded in monolayer. 

The second objec�ve of this work was to generate car�lage constructs derived from AuC’s using the 

established scaffold-free assembling methodology [22]. Objec�ve three was to characterize and report 

the biochemical, biomechanical, and histologic proper�es of AuC-derived car�lage constructs. We 

hypothesized that dozens of mechanically robust and biologically comparable car�lage constructs can be 

manufactured from a small amount of primary auricular chondrocytes.  
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Method: 

Study Design (Figure 1) 

Auricular chondrocytes were isolated for porcine ear notches. Tissue was minced and enzyma�cally 

digested into single cell suspension. Cells were counted then frozen or plated immediately for expansion. 

Auricular chondrocytes underwent several weeks of monolayer expansion followed by 10 days of 

suspended aggregate culture to induce re-differen�a�on of cells. Following aggregate culture, cells were 

seeded in high density into custom made agarose wells where cells self-assembled into car�lage �ssue. 

Figure 1: Study Design: Auricular chondrocytes were isolated for porcine ear 
notches. Tissue was minced and enzyma�cally digested into single cell suspension. 
Cells were counted then frozen or plated immediately for expansion. Auricular 
chondrocytes underwent several weeks of monolayer expansion followed by 10 
days of suspended aggregate culture to induce re-differen�a�on of cells. Following 
aggregate culture, cells were seeded in high density into custom made agarose wells 
where cells self-assembled into car�lage �ssue. Tissue was grown for addi�onal 28 
days following seeding. Upon comple�on of car�lage �ssue-engineering protocol, 
the �ssue was subjected to mechanical, biochemical, and histologic analysis. 
 



67 

Tissue was grown for addi�onal 28 days following seeding. Upon comple�on of car�lage �ssue-

engineering protocol, the �ssue was subjected to mechanical, biochemical, and histologic analysis. 

 

Experiment 

Tissue Collection/ Cell Isolation 

Triangular ear notch samples (1x0.8x06cm on average) were harvested from three Yucatan Minipigs 

following standard procedure of pig labeling for iden�fica�on purposes where ear notches are typically 

discarded. Sterile instruments were used to collect the �ssue and to separate the auricular car�lage from 

the skin of the pina. The car�lage was cut into 0.5mm pieces and transferred into a 6-well plate to digest 

in 2-3 ml of 2mg/mL collagenase solu�on (Worthington Biochemical Corp. 290 ac�ve unites/mg DW) 

supplemented with 3% fetal bovine serum (FBS) (Atlanta Biologicals) for 18 hours at 37°C and 5% CO2 

with orbital rota�on at 60 RPM. Upon diges�on the cells were rinsed and a cell count was obtained via 

hemocytometer using Trypan blue vital staining. Chondrocytes that were not immediately used were 

stored in 90% FBS and 10% Dimethyl Sulfoxide (DMSO) (Corning © DMSO, Mediatech Inc.) and 

cryopreserved in liquid nitrogen.  

 

Chondrocyte Expansion in Monolayer 

Auricular chondrocytes were seeded into cell culture flasks with expansion media (Table 1) un�l cells 

reached 80% confluency. Cultures were maintained in a humidified atomosphere at 37C and 5% 

CO2.Chondrocytes were passaged un�l an adequate number of cells was reached for the aggregate 

redifferen�a�on phase. Media was replaced every 3-4 days or at every passage.   

For passaging, 0.05% Trypsin (Gibco 0.05% Trypsin-EDTA 1X, Cat#25300-054) was added to the 

monolayers and le� for 10 min at 37°C. Cells were collected, spun down at 400 RPM, and were further 

digested in 2mg/mL collagenase solu�on supplemented with 30 µL/mL (3% v/v) FBS for one hour at 37°C 
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to remove any residual ECM. Once the collagenase diges�on was complete, cells were counted and 

assessed for viability with Trypan blue vital staining.  

 

Population Doubling and Expansion Kinetics 

Popula�on doubling �mes were determined based on a previously described protocol [17].  At each 

passage, cells were seeded at a constant density of 4*104 cells per cm2 and allowed to grow to 80-90% 

confluency. Cells were counted and assessed for viability with Trypan blue vital staining. The dura�on 

between each passage was recorded for a total of 25 passages.  

 

Aggregate redifferentiation 

Following sufficient expansion in monolayer, auricular chondrocytes were suspended in chondrogenic 

media (Table 1) and seeded into 90mm petri plates coated with 20mg/ml agarose at a density of 1 million 

cells/mL in a total volume of 20mls. In the first 24hours cells were cultured at 37°C in 5% CO2 with orbital 

rota�on at 60 RPM for 24hours. A�er 24 hours, plates were le� in the same condi�ons but le� sta�c for 

10 more days. The media was replenished every 3-4 days during this 10day period. On the 11th day, 

aggregates were digested into single-cell suspension with 15mL/plate of 0.05% Trypsin for 45 minutes in 

37°C. followed by diges�on with 2mg/mL collagenase solu�on supplemented with 30 μL/mL (3% v/v) FBS 

for 90 minutes. Cells were then spun down at 400RPM and counted. Cell viability was assessed via Trypan 

blue vital stain. 

 

Scaffold Free Construct Seeding 

Cells were seeded at a volume of 8 million cells in a seeding volume of 300 µL of chondrogenic media1into 

custom made 7mm x 12mm agarose molds were made one day prior to diges�on of the cells in the 

aggregate phase. These molds were le� overnight with wash media (10566 DMEM + 1% PSF) in 5% CO2 
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at 37°C. Once cells were quan�fied via the method above, cells. A�er 4 hours, constructs were topped off 

with an addi�onal 2 mLs of chondrogenic media. Seeded constructs were fed fresh chondrogenic media 

every other day. Cells were unconfined from their agarose scaffold 4-5 days a�er being seeded and placed 

in a 6 well plate with 7 mLs of chondrogenic media. Unconfined constructs were le� to grow for 4 weeks 

and fed fresh chondrogenic media every 3-4 days. Constructs were subjected to biomechanical, 

biochemical, histology analysis on day 28 of self-assembly.  

Table 1: Chondrogenic Expansion Media 

Component Manufacturer/catalog 

# 

Expansion 

media 

Chondrogenic 

media 

DMEM Gibco 

10566-016 

Full 

strength 

Full strength 

Pen/strep 

amphotericin B 

BioWhitaker 

17-745E 

10 mg/mL 10 mg/mL 

MEM non-essen�al 

amino acids 

Gibco 

11140-050 

10 mg/mL 10 mg/mL 

Insulin/human 

transferrin/selenium 

(ITS+) premix 

Corning 

0354352 

10 mg/mL 10 mg/mL 

Sodium pyruvate Thermo 

P2256-25g 

100 μg/mL 100 μg/mL 

L-Ascorbate-2-

phosphate 

Sigma Aldrich 

A8960-5g 

50 μg/mL 50 μg/mL 

L-proline Sigma Aldrich 40 µg/mL 40 µg/mL 
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P0380-100g 

Dexamethasone Sigma Aldrich 

D4902-25mg 

0.0104 

mg/mL 

0.104 mg/mL 

Fetal bovine serum Atlanta biologicals 

S11550 

100 µL/mL NA 

Human recombinant 

TGF beta 1 

Pepro Tech 

100-21 – 10 µg 

1 ng/mL 10 ng/mL 

Human recombinant 

FGF 

Pepro Tech 

100-18B – 100 µg 

5 ng/mL N/A 

Human recombinant 

PDGF 

Pepro Tech 

100-14B 

10 ng/mL N/A 

Human recombinant 

BMP-2 

Pepro tech 

120-02-100ug 

N/A 30ng/mL 

 

Biochemical Testing: 

The wet and dry weights of all constructs were obtained before and a�er 24-hour lyophiliza�on, 

respec�vely. 

Then, these lyophilized segments were digested in a papain solu�on (125 microg/mL Papain + 5 mM N-

Acetyl-L-Cysteine + 5 mM EDTA (anhydrous) + 100 mM phosphate Buffer) at 1 µL of solu�on per 1 µg of 

sample dry weight at 60°C for 18 hours. Collagen content was measured via OH-Proline Assay (Sigma 

Aldrich) following the manufacturer’s instruc�ons. The collagen content was then calculated based on a 

bovine collagen standard curve. Sample values were compared to both na�ve TMJ values[22, 34] and 

costal chondrocyte TE construct values[22]. 
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Concentra�on of sulfated glycosaminoglycans in each sample was determined via a GAG Blyscan Assay 

(Bicolor Life-Science Assays) based on 1,9-dimethylmethyl blue binding, per the manufacturer’s 

instruc�ons. Sample values were compared to both na�ve TMJ values and costal chondrocyte TE construct 

values[22]. 

The DNA content was assessed via a Pico Green assay (Invitrogen Quan�-iT PicoGreen dsDNA Assay kit) 

based on pico green fluorescent dye that bind to double-stranded DNA, following the manufacturer 

instruc�ons. From this data, we were able to infer the number of cells per sample. 

The concentra�on of elas�n in each �ssue sample was determined via a Fas�n Elas�n Asssay (Biocolor 

Life-Science Assays) based on synthe�c porphyrin binding of water soluble deriva�ve α-elas�n per the 

manufacturer’s instruc�on. Sample values were compared to α-elas�n of both na�ve auricular �ssue from 

neonatal and adult minipigs.   

 

Mechanical Testing 

Mechanical tes�ng was based on the protocol previously described [61].  

For the tensile tes�ng, constructs were cut into a Dumbbell-shaped samples whilst maintaining a length 

and width of 4:1. Imaging so�ware (ImageJ, U.S. Na�onal Ins�tutes of Health, Bethesda, Maryland) was 

u�lized to determine the thickness and width of each dumbbell-shaped sample from a high-resolu�on 

photograph. A uniaxial tension test was performed using Instron 5565 (Norwood, MA). Each segment was 

strained at a rate of 1%-gauge length per second to generate stress/strain curves from load-displacement 

data. Load, elonga�on, width, and thickness were analyzed with a so�ware [Matlab, MathWorks, Na�ck, 

MA) via a custom coded program that plots load normalized to cross-sec�onal area and strain. These plots 

were used to define the segments tensile s�ffness (Youngs modulus) and ul�mate tensile strength (UTS). 

For compressive tes�ng, 3mm in diameter circular sampled were obtained with a punch-biopsy knife. 

Samples were placed in PBS at room temperature for a uniaxial, unconfined stress-relaxa�on test via the 
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Instron 5565 (Norwood, MA). This test strained the samples to 10% and 20% sequen�ally and allowed a 

subsequent relaxa�on for 10-20 minutes respec�vely. From this test, instantaneous (Ei) and relaxa�on 

moduli (Er) were calculated using a custom-made Matlab program [61].  

 

Histology 

Tissues-engineered constructs were formalin-fixed and embedded in paraffin following standard 

procedure [23]. Hematoxylin and eosin (H&E), Safranin-O with Fast Green counterstain (SAFO/FG), and 

Picosirius Red (PSR) stains were applied on 5 µm sec�ons according to previously published standard 

protocols [23]. For the compara�ve purposes elas�n staining (Virchow Van Gieson) was applied onto 

sec�ons of TE constructs sourced form auricular and costal chondrocytes as well as adult and neonatal 

auricular car�lage and minipig TMJ disc at five anatomic areas (lateral, medial, central, posterior, and 

anterior [23].  The images were obtained using CellSense/Olympus so�ware and Olympus microscope 

(OlympusOp�cal Co., LTD, model: BX40F4) equipped with a color camera (Olympus DP72). All histological 

prepara�ons were subsequently evaluated by a board-cer�fied histopathologist (NV). 

Results: 

Cell collection  

Triangular ear notch samples measured approximately 0.2x0.6x0.7 cm. On average 0.5x10^6 primary cells 

were obtained from one triangular ear notch with total area of 0.2cm2. Upon diges�on of extracellular 

matrix with collagenase cell viability was 90-100%.    

 

Macroscopic Morphology and Dimensions of Neocartilage Constructs 

Gross morphology of the car�lage constructs was smooth and flat (Figure 2A). The average dimensions 

were 6.25 ± 2.15 mm (width) 12.20 ± 2.28 (length) mm and 0.777 ± 0.135 mm (thickness). A�er the 

removal of skin ear notches weight was 7.84 ± 1.844 mg.  
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Population Doubling  

Two pig donors were used for calcula�ng popula�on doubling �mes. Auricular chondrocytes grew well in 

monolayer and comparable popula�on doubling �mes between donors. Auricular chondrocytes-

maintained popula�on doubling �mes consistently over 25 passages (Figure 2B).  

 

 

Histology 

With 

hematoxylin 

and eosin 

staying the construct sec�ons were densely cellular and cells 

were evenly distributed throughout the sec�on. The 

histomorphology of the �ssue was consistent with car�lage 

where individual chondrocytes reside in the lacunae and are surrounded by homogeneous basophilic 

Figure 3: Histology of Auricular Chondrocyte 
Derived Tissue Engineered (TE) Constructs. 
Auricular TE constructs were stained with 
various stains (from top to botom): 
hematoxylin and eosin (H&E), Safranin-
O/Fast Green, and Picrosirius red. H&E 
staining shows overall cellularity, shows 
overall glycosaminoglycan content, and 
Picrosirius red shows overall collagen 
content.  

A B 

Figure 2: (A) Gross Images of auricular chondrocyte derived TE constructs. (B) Popula�on 
Doubling of Auricular Chondrocytes. Popula�on doubling �me of auricular chondrocytes 
in monolayer up to passage twenty-eight. Two pig donors are reflected (pig 93-2 and 93-
3). 
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extracellular matrix (ECM). The intensity of basophilic staining was comparable to na�ve auricular �ssue 

(Figure 3) With the applica�on of specials stains more specific features of ECM were highlighted. 

Specifically, safranin O/fast green counterstain labeling highlighted abundant glycosaminoglycans in the 

ECM (intense orange staining), while Picrosirius Red underscored the collagen content (pink color) (Figure 

3).  

 

The presence of elas�c fibers was also interrogated in various na�ve and engineered �ssues for 

comparison with Virchow Van Gieson stain. Elas�n fibers were not apparent in the TE construct sec�ons 

sourced form costal or auricular chondrocytes, but were abundant in the control sec�on of adult porcine 

pina (Figure 4). Neonatal ear had 141.5ug/ml of elas�n. Interes�ngly, very anisotropic elas�c fiber 

distribu�on was observed in minipig TMJ disc �ssue, where elas�n fibers we only microscopically 

apparent in the posterior atachment site of the disc. (Figure 4).  
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Biochemistry 

Biochemical analyses supported histological observa�ons. Auricular chondrocyte derived TE constructs 

contained 0.144 ug ± 0.011 collagen per ug dry weight, 0.185ug ± 0.002 GAG per ug dry weight, 0.384ng 

± 0.432 per ug dry weight, and 81.95 ug ± 6.54 elas�n per mg dry weight. The average water content of 

all auricular chondrocyte derived TE constructs was 81% ±1.18. 

 

Figure 4: Histology Panel of Swine (Su) Car�lage. Panel of images show Su car�lage from various 
anatomical loca�ons/sources. Car�lage derived from several loca�ons of the temporomandibular 
joint (TMJ), auricular car�lage, costal car�lage, and auricular chondrocyte derived �ssue-engineered 
(TE) car�lage constructs. VVG= Verhoeff Van Gieson staining. VVG is a histological technique used to 
visualize elas�c fibers in �ssues. The size bar for all images is 20µm. 
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Mechanical Properties 

We found that constructs derived from auricular chondrocytes had an Ei at 10% strain of 200.5 kPa ± 

43.34, 471.9 kPa ± 92.8 at 20% strain as well 36.99 kPa ± 6.47 Er at 10@ strain and 110.3 kPa ± 16.99 Er 

at 20% strain. The Young’s modulus was 2.0 MPa ± 0.63 and the ul�mate tensile strength (UTS) was 0.619 

MPa ± 0.177. 

 

Discussion 

This study is the first to explore the u�lity of auricular car�lage-sourced chondrocytes for scaffold free 

engineering of neocar�lage constructs. Using very small �ssue sample for isola�on of primary cells, 

auricular chondrocytes were expanded to hundreds of millions using expansion and redifferen�a�on 

methods that were previously effec�vely applied to costal and ar�cular chondrocytes [5,32]. Histology 

confirmed the chondrogenic morphology and highlighted ECM features that were in agreement with 

quan�ta�ve biochemical tests with excep�on of elas�n. Mechanically, auricular chondrocyte derived 

constructs were robust and had comparable proper�es to na�ve porcine TMJ and auricular �ssues. 

Cumula�vely, these results demonstrate a feasibility of auricular chondrocytes for scaffold-free car�lage 

�ssue engineering. This methodology can be further explored for clinical applica�ons in TMJ disc and 

auricular reconstruc�on and regenera�on.  

 

Costal chondrocytes were previously described as an atrac�ve cell source for TMJ disc and other 

car�laginous �ssues reconstruc�on and regenera�on [50, 62, 63]. Indeed, constructs generated from this 

cell source were evaluated in minipig TMJ disc thinning model where a successful defect closure was 

achieved [22]. Interes�ngly, despite some biochemical and biomechanical discrepancy with the na�ve 

�ssue, the costal car�lage-sourced constructs were able to remodel upon implanta�on and assume 

proper�es more similar with na�ve [22]. Although this study did not compare costal constructs to 
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auricular their mechanical proper�es are similar. For instance, in the study conducted by Huwe et al the 

Instantaneous modulus of the engineered car�lage sourced from costal chondrocytes was ~ 300kPa  [64], 

as compared to 200 and 400 kPa at 10 and 20 percent strain in the present study.  Similarly, the Young’s 

modulus and UTS of the constructs from Huwe’s measured 1.4 MPa and 0.32 MPa, respec�vely as 

compared to Young’s modulus of 2 MPa and UTS of 0.6 MPa in the current study [37]. Interes�ngly, the 

biochemical proper�es were different. In the study conducted by Huwe et al [37], the collagen content of 

the engineered car�lage sourced from costal chondrocytes was ~1.8 collagen/wet weight (%), as 

compared to 2.6 collagen/wet weight (%) in the present study. Similarly, the glycosaminoglycan (GAG) 

content of Huwe’s constructs was ~7.5 GAG/wet weight (%), as compared to 3.34 GAG/wet weight (%) in 

the present study [37]. This discrepancy could be atributed to a difference in cell number and ECM 

produc�on. Auricular derived chondrocytes produce an en�rely different type of collagen �ssue, usually 

defined by the produc�on of elas�n. Collec�vely, it is possible that auricular chondrocytes have a shi� in 

biochemical produc�on and cellular metabolism to meet the demands of elas�city. 

 

Auricular car�lage is an elas�c type of car�lage which means that auricular chondrocytes are able to 

synthesize elas�n [65]. TMJD is a unique type of fibrocar�lage with anisotropic fiber direc�on and site-

specific distribu�on of elas�c fibers [58]. Specifically, it was determined that the bilaminar zone (i.e. 

posterior disc atachment zone) of the human TMJ disc has the highest elas�n fiber concentra�on [58]. 

Similar distribu�on difference in elas�c fibers is apparent in the TMJ disc of the minipigs [59] (Figure 4). 

No strong elas�n staining was observed on histologic sec�ons of TE auricular chondrocytes-sourced, or 

costal chondrocyte-sourced TE constructs. However, elas�n was detectable in the auricular chondrocytes-

sourced constructs with biochemical assay. Precisely, concentra�on of 81.95ug per mg of dry �ssue was 

detected. In comparison with na�ve neonatal auricular car�lage and adult auricular car�lage this 

concerta�on is 1.73 �mes and 2.36 �mes less, respec�vely. Provided that the elas�c fibers mature trough 
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forma�on of lysyl-oxidase-mediated cross-linking process [66-68], it is possible that once formed, elas�n 

fibers con�nue to mature via the cross-linking mechanism. The reports on elas�n matura�on are 

outnumbered by reports on elas�n ageing and degrada�on with age, inflamma�on, and environmental 

damage [67]. Studies on elas�n matura�on state that elas�n formed during neonatal development 

remains with the individual throughout its life [69] and that genes for elas�n and fibrillin pick during 

neonatal development and then silenced for good [70, 71]. It remains to be determined how structural 

matura�on progresses with age. In case of scaffold-free car�lage �ssue engineering, it was postulated 

that the phase of self-assembling is recapitula�ng the stage of mesenchymal condensa�on in embryonic 

development and that neocar�lages engineered with this method con�nue to mature via collagen fiber 

cross-linking beyond four weeks of manufacturing process [72]. Collec�vely, it is possible that auricular 

chondrocytes-sourced TE constructs need more �me to mature and cross-link elas�n fibers to be 

detectable with standard histological methods.  

 

It is crucial to point out that dozens of car�lage constructs were manufactured from a very small stock of 

primary cells. This manufacturing success is due to the one crucial step in the process of scaffold-free 

�ssue engineering where following monolayer expansion the cells are cultured for addi�onal 10 days in 

suspension. It is postulated that during the monolayer expansion step chondrocytes undergo de-

differen�a�on, i.e., assume fibroblas�c phenotype instead of chondrocy�c [73-75]. However, during the 

suspension culture, where chondrocytes are unable to adhere to the substrate, re-differen�a�on takes 

place and chondrocytes resume their chondrocy�c proper�es. This aggregate redifferen�a�on step allows 

to conduct extensive in vitro expansion of very small ini�al stock of primary cells overcoming a huge hurdle 

of autologous �ssue availability [65]. The advantages are clear. Using the smallest �ssue biopsy of 

autologous auricular car�lage, followed by a sufficient expansion to hundreds of millions of cells makes 

autologous cell sourced �ssue engineering an achievable reality. Furthermore, the morbidity of collec�on 
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site in the ear is much less than autologous rib collec�on procedure [76, 77]. Lastly, unlike costal car�lage, 

auricular car�lages do not have a tendency to ossify with age, presen�ng a wider �meframe for �ssue 

collec�on.  

 

In summary, this study is the first to demonstrate the proof of concept and the feasibility of auricular 

chondrocytes suitability for scaffold-free car�lage �ssue engineering. Extending this study to a side-by-

side comparison to neocar�lages engineered from costal chondrocytes would be essen�al in further 

determining the u�lity and possible advantage of this cell source for regenera�on of car�laginous �ssues 

such as TMJ disc and pinna. The later can be followed up by a true size pinna or TMJ disc �ssue 

manufacturing.   
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Abstract 

Car�lage degenera�ve condi�ons are a public health concern worldwide. Car�lage degenera�on can be 

ini�ated with trauma but it is also common for car�lage to wear with age. Due to the low regenera�ve 

capacity of car�lage, this dilemma invites the explora�on and characteriza�on of the mechanisms behind 

age-related car�lage degenera�on. In the following study, mul�axial indenta�on tes�ng and thickness 

tes�ng was performed in situ to measure the Instantaneous Moduli (Ei) and thicknesses of all ar�cular 

surfaces in the shoulder and s�fle joints across various age groups of dogs (N=20). When considering all 

surfaces combined, a significantly posi�ve correla�on was detected between the Instantaneous moduli 

(Ei) of ar�cular car�lage and age (p=0.02). Further, there was a significant nega�ve correla�on between 

car�lage thickness and age and ar�cular car�lage collagen content and age (p=0.015). Likewise, there was 

a significant nega�ve correla�on between the cellularity of ar�cular car�lage and age (p=0.019). 

Interes�ngly, this study revealed insignificant correla�on between GAG and age (p=0.72), and between 

GAG and Ei of ar�cular car�lage (p=0.14). When considering specific joints individually, similar significant 

trends of age-related increase in Ei and decrease in thickness were present in the Tibia of the s�fle joint. 

Finally, we observed histological changes consistent with degenera�on in ar�cular car�lage but only with 

geriatric dogs. In conclusion, this study performed mul�axial compression and thickness tes�ng using 
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Biomomentum Inc. (Montreal, Canada) and produced results that suggest that the aging of ar�cular 

car�lage is characterized by increase in the instantaneous modulus, decrease in thickness, collagen 

content, and cellularity but not GAG content.  

 
Key Words: car�lage degenera�on, Instantaneous Moduli, thickness, ageing 

 

1. Introduc�on 

Ar�cular car�lage is a shock-absorbing �ssue lining the ends of diarthrodial joints that aims to provide a 

fric�onless surface for joint ar�cula�on. The high prevalence of car�lage �ssue disorders is a public health 

concern worldwide. Car�lage degenera�on is commonly associated with trauma�c injury, infec�ons, or 

age-related wear. In many cases pa�ents are diagnosed with joint disease at the more advance ages of 

their lives. Thus, it is impossible to determine if prior trauma, overuse due to occupa�onal or physical 

ac�vity, individual anatomical conforma�on aspects, and ac�vity levels contributed cumula�vely or 

independently to the current disease manifesta�on. Comprehensive and wholis�c studies on age-related 

changes of ar�cular car�lages in animals or humans are few and o�en focused on a limited repertoire of 

parameters. For instance, many studies in humans and rats have confirmed a decrease in proteoglycan 

content, cellularity, and thickness with age [78-81]. Other studies have explored physical characteris�cs 

such as thickness, or the imaging data [82] in a limited age-range of individuals. No studies, to our 

knowledge, have been performed on a wide range of individual ages comparing biochemical, 

biomechanical, and histological parameters of ar�cular car�lages simultaneously on mul�ple joints. 

 

The low regenera�ve capacity of car�lage and progressive demand for its regenera�on, has invited the 

explora�on of �ssue-engineered replacements. However, the limited combined knowledge on the 

character or rate of changes in car�lage proper�es with respect to aging makes it difficult to tailor 
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engineered car�lages to the individual’s specific needs. The most common strategies to assess car�lage’s 

proper�es are biochemical analysis, histology, biomechanical tes�ng, and imaging [83-86]. Biochemical 

analysis offers an advantageous insight into the cellular and extracellular components most commonly 

collagens and glycosaminoglycans. For example, studies on porcine and horse car�lage have confirmed a 

decrease in collagen content [87, 88] and proteoglycan content [87, 89] with age. In addi�on, some studies 

have also confirmed an increase in number of senescent chondrocytes in aged car�lage �ssue [90, 91]. 

These findings show important changes in chondrocyte ability to replace and keep up with normal wear 

and tear [92]. Histological analysis offers important insight into how cellular and extracellular organiza�on 

contributes to overall car�lage �ssue morphology [86]. However, histology and biological assays only offer 

a “hint” on how mechanical proper�es of car�lage may be affected. Therefore, evalua�ng the changes of 

car�lage wholis�cally including mul�ple parameters are crucial in concluding on ageing changes of 

car�lage �ssue and are instrumental in guiding �ssue-engineering efforts for car�lage regenera�on.  

 

A variety of tests and tes�ng protocols have been explored to inves�gate the mechanical proper�es of 

car�lage. Most common approaches to test car�lage mechanical proper�es turn to a variety of ex vivo 

protocols [93]. Ex vivo protocols can be split into nano or �ssue-level tes�ng. Nanoindenta�on with atomic 

force microscopy (AFM) has emerged as a metric to understand car�lage biomechanics at a microscopic 

level [93]. AFM can produce three-dimensional (3-D) topographical images to reflect mechanical 

proper�es at a given point. Macroscopic or �ssue-based mechanical tes�ng is can be executed via 

confined or unconfined compression tes�ng [93-95]. Addi�onal mechanical proper�es assessments of 

car�lage �ssue include tensile and shear tes�ng. Ar�cular car�lage has a robust ability at suppor�ng 

tensile stresses due to its biochemical composi�on and organiza�on of collagen fibrils [93, 96]. Shear 

tes�ng is o�en used to characterize the car�lage/bone interface and �ssue/scaffold interfaces [97, 98]. 

Uniformly, most of the current mechanical tes�ng methodologies require resec�on for car�lage form the 
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subchondral bone, which may not accurately reflect car�lage proper�es and car�lage-bone interac�ons 

as displayed in vivo. In fact, a review by Burr et al suggests that �ssue-level adap�ons of the subchondral 

bone are thought to occur in osteoarthri�s prior to degenera�on of the overlying ar�cular car�lage [99] 

par�cularly at the bone-car�lage interface [100]. These modifica�ons of bone, car�lage and the interface 

suggest that, a shi� to in situ and in vivo models may more accurately reflect car�lage’s proper�es.  

 

Several techniques to evaluate in vivo car�lage biomechanics have been developed and used clinically. 

The current in vivo methodologies rely on arthroscopy [101], magne�c resonance imaging (MRI) [102], 

and ultrasound elastography [82]. Although these technologies offer real-�me in vivo measurements, 

there are several drawbacks to each method. Some of these analyses are invasive, while others are 

subjec�ve, and more work remains to be done on correla�ng the measurement outcomes of these 

methods with actual biochemical proper�es of car�lage �ssue. [103]. While these methodologies await 

refinement, in situ methodologies con�nue to be explored with automated indenta�on tes�ng. An 

automated in situ indenta�on and mapping tes�ng became commercially available in 1999 

(Biomomentum Inc. Montreal, Canada). The later technology has been explored for its many advantages 

such as being non-destruc�ve, allowing repeated measurements, and mul�ple characteriza�ons at the 

same loca�on [94, 104, 105].  This development allows to perform non-destruc�ve mapping of 

mechanical proper�es of car�lage over the en�re ar�cular surface. Subsequently the same car�lage can 

be explored with biochemical and histological methods. The non-destruc�ve and extensive nature of this 

tes�ng compensates for the shortcomings of the standard mechanical methods where car�lage is not 

tested in the context of the subchondral bone.  

 

Dogs are extensively used as a model for human car�lage degenera�on and regenera�on [81, 106]. Dogs 

commonly show similar age-dependent degenera�ve changes in their car�lage to humans [81, 106]. In 



86 

fact, car�lage lesions such as fissures, erosion, fibrilla�on, and eburna�on are o�en found in ar�cula�ng 

joints of dogs at necropsy, even in the absence of clinical history of lameness [81, 106]. In contrary to 

rodent models, dogs completely close their growth plates at skeletal maturity and their rela�ve longevity 

provides more transla�onal relevance on ageing of car�lage. Considering this, this study of characterizing 

car�lage’s changes with age across two major joints in dogs was conceived. Specifically, automated 

indenta�on and thickness mapping on five different ar�cula�ng surfaces in a wide age range of dogs using 

the Mach-I Model MA056-v500c test device (Biomomentum Inc., Laval, Canada) was performed. 

Subsequently, same ar�cular surfaces were interrogated for glycosaminoglycan and collagen content as 

well as cellularity and histological changes. 

 

2. Methods 

2.1 Tissue Collec�on 

En�re shoulder and s�fle joints were collected from dogs that died or were euthanized for reasons 

unrelated to musculoskeletal` disease within less than 24 hours post mortem. The pa�ent’s �ssue was 

donated for unpredicted use at the Veterinary Teaching Hospital (VMTH) at the University of California, 

Davis (UCD). the Pa�ents that received any form of chemotherapy were not included. The en�re joints 

were preserved frozen at -20C wrapped in protease inhibitor-soaked gauze. On the day of tes�ng 

individual joints were thawed and dissected to expose the ar�cular surfaces. In toto ar�cular surfaces of 

humeral head, glenoid fossa, femoral condyles, �bial plateau, and trochlea were tested. The samples were 

collected as intact joints to preserve car�lage integrity, lubrica�on and moisture. The study contained over 

60 surfaces tested between the s�fle and shoulder joints. The study used 20 dogs with 4 dogs used per 

ar�cular surface. Pa�ent informa�on is provided in Table 1. 

Table 1 



87 

Age (Years) 
Body Condition 
Score (BCS) Breed 

2 2 Belgian Malinois 
6 6 golden retriever 

15 3 English springer 
3 3 Cane Corso 
2 4 German Shepard 

0.134615385 4 chihuahua 
2 5 german shepard/pitbull mix 

10 6 poodle/dachshund mix 
13 5 Shih-Tzu 

5 4 Australian sheep dog 
5 2 rottweiler 
4 2 Pitbull 

1.5 4 Pitbull 
0.166666667 5 labrador 

13 4 labrador 
11 6 corgi 

5 8 boerboel 
4 3 Bernese mountain dog 

10 5 corgi/beagle mix 
 

2.2 Mechanical Examina�on 

2.21 Automated Indentation Mapping 

The automated indenta�on and mapping were carried out according to Biomomentum protocol (MA056-

SOP10-D v1 Mach-1). For this, a Mach-I Model MA056-v500c test device (Biomomentum Inc., Laval, 

Canada) and a 70N mul�-axial load cell were used. Briefly, osteochondral specimens were mounted on a 

specimen holder device with car�lage surface facing up fixed by screws circumferen�ally. The specimen 

was then submerged into PBS and remained submerged throughout the tes�ng. Two reference points 

were then iden�fied with a video camera-registra�on system and a mapping so�ware (Mach-1-MAP).  

Next, a posi�on grid was superimposed on the live image of the sample and tes�ng points were 

determined based on the size of the sample. The en�re surface was equally covered with sample points. 

On average 25 points were assigned per ar�cular surface. The instantaneous moduli (IM) of the car�lage 

were determined using indenta�on with spherical indenter with 1mm diameter. The calcula�on of each 
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sample point was validated and corrected to reflect the surface angle rela�ve to the indenter with an 

addi�onal four test points surrounding the original point. Any sample point in which the angle of the 

surface was greater than 60 degrees was excluded. The contact criterion with the sample surface has been 

set to 0.01 N. The indenta�on amplitude was set to 0.1 mm by the indenta�on velocity to 0.1 mm/s, and 

the relaxa�on �me of 5s. 

 

2.2.2 Automated Thickness Mapping 

Thickness tes�ng was performed immediately following indenta�on tes�ng by replacing the spherical 

indenter with a 27G x 3/8” needle. The thickness was calculated at each sample point by taking the 

difference between the ver�cal posi�on of the needle at the surface (the start of a gradual increase in 

load) and the posi�on of the needle once it hits subchondral bone (the first inflec�on point where the 

load increased significantly) [94]. The tes�ng outcome for thickness for each point were a contact criterion 

of 1N at a velocity of 0.5mm/s.  

 

2.3 Data Processing and Analysis 

The instantaneous modulus (Ei) at each sample point was obtained by fi�ng the load-displacement curve, 

using the corresponding sample point thickness and Poisson’s ra�o (set to 0.5), to Hayes et. al., elas�c 

model for indenta�on [107] and previously published method [94]. 

(1)     𝐸𝐸𝐸𝐸 = 2𝑃𝑃�1−𝑣𝑣2�

4𝑘𝑘𝑤𝑤0

3
2∗(RX)

 

Where P= force, 𝑣𝑣= Poisson’s ra�o= 0.5, 𝑤𝑤0= indenter displacement, 𝑘𝑘= constant value based on a/h, X= 

constant value based on a/h𝑎𝑎 =contact region, ℎ= car�lage thickness R= radius of the indenter. A posi�on 

grid was superimposed on the image of the sample and the Ei calcula�on and thickness of the car�lage 

for each tes�ng point were reflected through a heat map (Figure 1A, B) All data was analyzed with the 
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Semi-Automated Indenta�on and Thickness Batch Analysis so�ware (Biomomentum Inc., Laval, Canada) 

based on a previously published method [94] that u�lized equa�ons and mathema�cal analysis from 

Hayes et al [107].  

 

2.4 Biochemical Analysis 

Immediately following mapping, the ar�cular car�lage was harvested from the surface with a scalpel. The 

wet and dry weights of each quadrant of each surface were obtained before and a�er 24-hour 

lyophiliza�on, respec�vely. Lyophilized samples were digested in papain solu�on (125 μg/mL Papain + 5 

mM N-Acetyl-L-Cysteine + 5 mM EDTA (anhydrous) + 100mM Phosphate Buffer) at 1μl of diges�on 

solu�on per 1μg of sample dry weight at 60C for 18 hours. The collagen content was assessed by OH-

Proline Assay (Sigma Aldrich) following the manufacturer’s instruc�ons. The collagen content was then 

calculated based on a bovine collagen standard curve. The concentra�on of sulfated glycosaminoglycans 

(GAG) in each sample was determined via a GAG Blyscan Assay (Bicolor Life-Science Assays) based on 1, 

9-dimethyl methyl blue binding, following manufacturer instruc�ons. The DNA content was assessed via 

a Pico Green assay based on pico green fluorescent dye that bind to double-stranded DNA, following the 

manufacturer instruc�ons (Invitrogen Quan�-iT PicoGreen dsDNA Assay kit). From this data, we were able 

to infer the cellularity of the sample. 

 

2.5 Histology 
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Surfaces not used for mechanical or biochemical tes�ng were sec�oned using bandsaw to include 

car�lage and subchondral bone. The samples were then fixed in 10% buffered formalin and processed for 

standard histology and paraffin embedding subsequently [23]. A 5µm sec�ons were obtained from the 

paraffin blocks and stained with hematoxylin and eosin (H&E) for assessment of general morphology. 

 

2.6 Sta�s�cs 

Figure 1: 3D Heat maps displaying ar�cular car�lage’s Instantaneous moduli and thicknesses 
generated with Biomomentum Mach 1. (A) Heat map showing the distribu�on of Instantaneous 
moduli (Ei) values at 15% strain (MPa). Each image represents an ar�cular surface across pa�ents of 
different age groups. (B) Heat map showing the distribu�on of car�lage thickness (mm). Each image 
represents an ar�cular surface across pa�ents of different age groups. Scale bar for all images: Red 
represents higher values while blue are lower values. 
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A Kruskal-Wallis test was applied to compare s�ffness and thickness between body condi�on scores. A 

Pearson correla�on coefficient and p-value was used to assess the correla�ons between biochemical 

proper�es and mechanical proper�es, or biochemical proper�es and age. The effects of the amount of 

GAG, collagen, and cells on car�lage s�ffness and thickness were measured by simple linear regression, 

where s�ffness or thickness was regressed on the biochemical property. Similarly, the effects of age on 

the three biochemical proper�es were assessed by regressing age on the amount of GAG, collagen, or the 

number of cells. A linear mixed effects model was used to account for mechanical measurements across 

ar�cular surfaces being more similar within the same dog than between dogs. 95% confidence intervals 

were then calculated to determine the difference in s�ffness and thickness across the five ar�cular 
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surfaces, where the femoral condyle was arbitrarily assigned as the reference group. A p-value < 0.05 was 

considered significant. 

Figure 2: The Effect of Age and Body Condi�on Score (BCS) on Car�lage Thickness and Ei. (A) Car�lage 
Ei increased significantly with an increase in age. (B) Car�lage thickness decreased significantly with 
age. (C) Car�lage Ei differed from the mean s�ffness for body condi�on scores of 2, 5, and 8. There 
was a general trend of increasing Ei as the body condi�on scores increased from 2 to 6, with 
a significant decrease in Ei for canines with a body condi�on score of 8. (D) Car�lage thickness differed 
significantly from the mean thickness for body condi�on scores of 2, 6, and 8, and generally decreased 
as the body condi�on scores increased from 2 to 6, with a significant increase in Ei for canines with a 
body condi�on score of 8. Ei and thickness were observed to be inversely propor�onal. Results were 
deemed significant with a p-value < 0.05. 
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3. Results 

3.1 Mechanical Proper�es 

3.1.1 Effect of Ageing on Cartilage Ei and Thickness (Figure 2). 

 Across all examined surfaces, the ar�cular car�lage’s Ei at 15% strain showed a significant posi�ve 

correla�on with age (Figure 2A). In contrast, there was a significant nega�ve correla�on of thickness with 

age (Figure 2B).  

 

3.1.2 Effect of Body Condition Score on Cartilage Ei and Thickness 

While there is no clear linear trend between Body Condi�on Score (BCS), car�lage Ei differed from the 

mean s�ffness for body condi�on scores of 2, 5, and 8. There was a general trend of increasing Ei as the 

body condi�on scores increased from 2 to 6, with a significant decrease in Ei for canines with a body 

condi�on score of 8. (Figure 2C). Car�lage thickness differed significantly from the mean thickness for 

body condi�on scores of 2, 6, and 8, and generally decreased as the body condi�on scores increased from 

2 to 6, with a significant increase in Ei for canines with a body condi�on score of 8. (Figure 2D). 

 

3.1.3 Effect of Ageing and Joint Type on Cartilage Ei and Thickness 

The Ei at 15% strain had no correla�on with age in the humerus or in the glenoid fossa (Figure 3A). Both 

surfaces showed no significant correla�on between age and Ei at 15% strain. The Ei at 15% strain had a 

posi�ve correla�on with age in the femoral condyle and trochlea, although insignificant. The Ei at 15% 

strain had a significant posi�ve correla�on to age in the �bia (Figure 3B).  
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Figure 3: The Effect of Age on Car�lage Thickness and Ei in Each Joint and Surface. (A) Car�lage Ei at 
15% strain (MPa) vs Age in the Shoulder. Following a linear regression, Ei showed a no correla�on to 
age (Humerus: P=0.97; GF: p=0.82). (B) Car�lage thickness (mm) vs Age in the Shoulder. Following a 
linear regression, thickness showed a no significant correla�on to age in the shoulder but the 
humerus and glenoid fossa showed opposing trends (Humerus: P=0.65; GF: p=0.087). (C) Car�lage Ei 
at 15% strain (MPa) vs Age in the S�fle. Following a linear regression, Ei showed a posi�ve correla�on 
to age. Tibia Ei at 15% strain showed a significant posi�ve correla�on to Age (FC: P=0.6; Tibia: p=0.018; 
Trochlea: p=0.53). (D) Car�lage thickness (mm) vs Age in the S�fle. Following a linear regression, 
thickness showed a nega�ve correla�on to age. Tibia thickness showed a significant nega�ve 
correla�on to Age (FC: P=0.31; Tibia: p=0.015; Trochlea: p=0.66). Results were considered sta�s�cally 
significant if P<0.05. 
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The ar�cular car�lage’s thickness had a significant nega�ve correla�on with age in the glenoid fossa. In 

contrast, the thickness trended upward with increased age in the humerus (Figure 3C). The total thickness 

trended downward with increased age in the femoral condyle and trochlea, although insignificant. The 

thickness had a significant nega�ve correla�on to age in the �bia (Figure 3D).  

3.2 Biochemical Proper�es 
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3.2.1 GAG and Collagen Correlation with Age 

This study detected no significant correla�on between ar�cular car�lage’s GAG content and age (Figure 

4A). In contrast, there was a significant nega�ve correla�on between total collagen content per dry weight 

of car�lage �ssue and age (Figure 4B).  

Figure 4: Correla�ons between GAG and Collagen Composi�on with Age and Ei. (A) GAG content of 
car�lage vs Age. Results show no changes in GAG content with Age. (B) Collagen content of car�lage 
vs Age. Results show a significant decrease in collagen content with Age. (C) GAG content of car�lage 
vs Ei at 15% strain. Results show a nega�ve correla�on between GAG content and Ei at 15% strain. 
(B) Collagen content of car�lage vs Ei at 15% strain. Results show a nega�ve correla�on between 
collagen content and Ei at 15% strain. Results were considered sta�s�cally significant if P<0.05. 
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3.2.2 Effect of Biochemical Composition on Cartilage Ei  

This study detected no significant correla�on between the total GAG or collagen content of ar�cular 

car�lage and its Ei when considering all joint surfaces combined. (Figure 4C, D). However, the trend of the 

correla�on for both variables was nega�ve with age. 

 

3.2.3 Effect of Ageing and Joint Type on Biochemical Composition 

The total collagen content per dry weight of car�lage �ssue showed a nega�ve correla�on to age in both 

the humerus and the glenoid fossa. Collagen content in the humerus (Figure 5A) and glenoid fossa(Figure 

5B) showed a nega�ve correla�on to age, although insignificant in both surfaces. The total collagen 

Figure 5: Collagen content vs Age vs Surface. (A) Collagen content vs Age in the Humerus (B) Collagen 
content vs Age in the Glenoid Fossa. (C) Collagen content vs Age in the Femoral Condyle. (D) Collagen 
content vs Age in the Tibia. (E) Collagen content vs Age in the Trochlea. Results were considered 
sta�s�cally significant if P<0.05. 
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content per dry weight of car�lage �ssue showed a significant nega�ve correla�on to age in the femoral 

condyle (Figure 5C) and �bia (Figure 5D). In contrast, total collagen content per dry weight of car�lage 

�ssue had a posi�ve correla�on to age in the trochlea, although insignificant (Figure 5E).  

 

The total GAG content per dry weight of car�lage �ssue had a posi�ve correla�on with age in both the 

humerus (Figure 6A) and glenoid fossa (Figure 6B).  The femoral condyle showed a significant nega�ve 

correla�on in GAG with age (Figure 6C). The trochlea (Figure 6D) and �bia (Figure 6E) in the s�fle 

demonstrated similar trends to the shoulder. The total GAG content per dry weight of car�lage �ssue had 

a posi�ve correla�on with age in the trochlea and �bia.  

 

Figure 6: GAG content vs Age vs Surface. (A) GAG content vs Age in the Humerus. (B) GAG content vs 
Age in the Glenoid Fossa. (C) GAG content vs Age in the Femoral Condyle. (D) GAG content vs Age in 
the Tibia. (E) GAG content vs Age in the Trochlea. Results were considered sta�s�cally significant if 
P<0.05. 
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3.2.4 Effect of Ageing and Cellularity 

The total ng DNA per mg of dry weight car�lage �ssue showed a significant nega�ve correla�on of 

cellularity with age (Figure 7A). Histological assessment of cellularity showed similar trends (Figure 7B). 

 

3.3 Histology (Figure 8) 

Histological observa�ons of the representa�ve samples from each age group generally agreed with the 

biochemistry findings and also revealed evidence of car�lage degenera�on with age. Overall cellularity 

was lower in the older individuals. The subjec�ve assessment of GAG based on the degree of basophilia 

of the ECM did not reveal obvious trends. However variable degrees of GAG loss were present in the 

superficial layers in pa�ents of 10+ age group along with superficial car�lage fibrilla�on and individual 

chondrocyte death (Figure 8E and F). The evidence of fibrilla�on indicates degenera�ve process and 

supports the findings of car�lage thinning.  

Figure 7: (A) Cellularity correla�on with Age in ar�cular car�lage �ssue across mul�ple joint surfaces. 
Cellularity of car�lage �ssue was quan�fied using Pico Green bicolor assay. (B) Histology sec�ons were 
used to quan�fy number of cells per unit are using ImageJ (N=3). We observed a significant decrease 
in cellularity with age (p=0.0311; R=212). Results were considered sta�s�cally significant if P<0.05.  

A B 
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4. Discussion: 

This study is the first to evaluate the changes in ar�cular car�lage with age using histological, biochemical, 

and biomechanical parameters across mul�ple joints in a comprehensive fashion. Mul�axial indenta�on 

tes�ng and thickness tes�ng in situ allowed genera�on of three-dimensional maps of biomechanical 

parameters and thicknesses of the ar�cular surfaces across mul�ple joints across various age groups of 

dogs. When considering all surfaces combined, a significantly posi�ve correla�on was detected between 

the Instantaneous moduli (Ei) of ar�cular car�lage and age. A similar associa�on was detected between 

Figure 8: Histology of humeral head across various age groups. H&E= hematoxylin and eosin staining. 
Bar=100µm. Note thicker ar�cular car�lage in the younger dogs (A-D) and evidence of car�lage 
thinning and fibrilla�on in the older group E, F).  
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Ei and body condi�on score. Further, there was a significant nega�ve correla�on between car�lage 

thickness and age and ar�cular car�lage collagen content and age. Likewise, there was a significant 

nega�ve correla�on between the cellularity of ar�cular car�lage and age. Interes�ngly, this study revealed 

insignificant correla�on between GAG and age, and between GAG and Ei of ar�cular car�lage. When 

considering specific joints individually, similar significant trends of age-related increase in Ei and decrease 

in thickness were present in the Tibia of the s�fle joint. Finally, we observed histological changes 

consistent with degenera�on in ar�cular car�lage but only with geriatric dogs. Collec�vely, these findings 

suggest that the aging of ar�cular car�lage is manifested by increase in the instantaneous modulus, 

decrease in thickness, collagen content, and cellularity but not GAG content. Also, this study shows that 

there is a great variability in the biochemical and biomechanical proper�es between specific ar�cular 

surfaces that may or may not follow the general trends of the ageing changes above.  

 

In the following study we used instantaneous modulus (Ei) as our unit of measurement to represent the 

biomechanical proper�es of car�lage. The modulus parameters are derived from a normaliza�on 

procedure that takes into account the total thickness, cross-sec�onal area, Poisson ra�o, and indenter 

shape and size (Equa�on 1). This normaliza�on reflects the internal proper�es of car�lage in rela�on to 

specific environmental condi�ons. To the best of our knowledge, most studies that inves�gate the changes 

in car�lage biomechanics as it relates to age report values as s�ffness (N/mm) [108]. Subsequently, most 

studies inves�ga�ng canine car�lage biomechanics report values in shear modulus and most studies that 

inves�gated Ei of car�lage �ssue studied this in species other than dog. As a result, the data from the 

present study was compared to Ei values found in other species.  

 

In the present study, we found that car�lage Ei had a significant posi�ve correla�on with age (Figure 2). 

This is in some alignment with reports from Bielajew et al who found an increase in Ei between neonatal 



102 

and juvenile pig car�lage but a decrease in Ei between juvenile and adult porcine car�lage at 10% and 

20% strain in the femoral condyle [109]. While the results from Bielajew et al show some similar trends 

correla�ng Ei with age, the discrepancies between Bielajew et al. and the current study could be due to a 

few reasons. 1. The decrease in Ei between juvenile and adult porcine car�lage in Bielajew et al. ’s study 

could be due to the small age range of adult pigs [109]. The pigs considered mature adults were aged 2-3 

years whereas the dogs tested in the present study reflected a broader range of geriatric pa�ents. 2. 

Different methodologies of measuring total thickness and Ei. For example, Bielajew et al measured 

thickness and Ei using a flat end large diameter indenter whereas the data in the current study used a 

spherical small diameter indenter. Changing the size and shape of the indenter changes the contact area 

withstanding the force. This change will reflect in the overall Ei value (Equa�on 1). 3. Interspecies 

differences in scaling factors to calculate Ei [110]. For example, some studies have reported Poisson ra�o 

of car�lage to fluctuate between 0.07-0.4 within the same species but different surfaces [111, 112]. In 

addi�on, the study also showed that the Poisson ra�o in humans was significantly less than bovine, dog, 

monkey, and rabbit. Since Athanasiou et al [111] found that different species show different Poisson ra�os 

between each other and different joints, this made it difficult to compare measurements obtained in 

various studies to the present. As a result, several factors need to be considered and accounted for to 

accurately find correla�ons. More inves�ga�on with consistent tes�ng parameters needs to be done to 

conclude if Ei has a correla�on with age across many species. 

 

In this study, we atempted to determine the rela�onship between car�lage thickness and age in various 

canine joints. We found that car�lage thickness had a nega�ve correla�on with age (Figure 2). These 

results agree with many studies [113] as described in rats[114], rabbits[115], dogs[116], and humans[117, 

118]. Addi�onally, the present study showed that body condi�on score had no effect on car�lage 

thickness over age (Figure 2). This corroborated the finding from a study Joseph et al. who showed no 
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sta�s�cally significant associa�ons between weight change and car�lage thickness [119] using MRI 

imaging. In contrast, a study by Collins et al found that car�lage was thinner and car�lage strain was higher 

during exercise in pa�ents with a high BMI [120]. These conflic�ng results could stem from the 

subjec�veness of BMI and BSC scores. Specifically, BMI is o�en used as a standard to dis�nguish between 

healthy and obese individuals and is calculated based on height and mass of the individual [121]. However, 

BMI is argued to be a poor indicator of body fat percentage and the distribu�on of fat mass throughout 

the body [121, 122]. Likewise, body condi�on score is a subjec�ve assessment made by clinicians to 

determine an animal’s health [123]. In concert, perhaps quan�fying an individual’s health in a different 

way would reflect a stronger correla�on to car�lage’s proper�es.  

 

We further atempted to determine if joint type had an impact on the changes in car�lage Ei and thickness 

with age. However, the results from Figure 3 show that some joints followed the general trends beter 

than others.  type. Specifically, s�fle joint showed posi�ve correla�ons of Ei to age and nega�ve 

correla�ons of thickness to age. Specifically, the �bia showed a significant nega�ve correla�on between 

thickness and age but femoral condyle and trochlea showed litle if any changes with thickness. These 

results are supported by Francuski et al [124] who found that thickness of non-calcified �bial car�lage 

significantly decreased in adult working and non-working dogs in comparison to young dogs. In addi�on, 

Francuski et al found that the thickness of non-calcified femoral condyle car�lage showed no changes 

with age [124]. These results are also in agreement with the current study. Specifically, the shoulder joint 

showed no correla�on to Ei with age and opposing trends of thickness with age, although all insignificant. 

In contrast with our findings (Figure 3), Chang et al [125] found significant nega�ve correla�ons between 

age and morphological parameters, including thickness, of the humeral head in humans. The discrepancy 

between Chang et al and the current findings could be due to species differences of quadrupeds vs bipeds 

[126]. The weight distribu�on of different joints in quadrupeds could also be asymmetrical. For example, 



104 

Fish et al found that dogs put more weight on their forelimbs than their hindlimbs [127]. The inconsistent 

results between the s�fle and shoulder joints in the current study could be due to a couple of reasons 1. 

Anatomical differences for a ball and socket joint vs condylar joint 2. Low sta�s�cal power for each 

individual surface/joint. When all the surfaces were pooled, the results from the current study showed 

significant correla�ons; however, when the surfaces were separated out, the sta�s�cal power decreased 

and trends were more difficult to observe. Many studies within the literature explore the knee and hip 

joints due to the high prevalence of arthri�s and high demand for regenera�ve therapies [128]. Based on 

the current findings, there is a great variability between joints and surfaces. Future studies are needed in 

various joints, such as the shoulder, to beter understand how age-related degenera�ve changes in 

car�lage may differ across joints.  

 

The changes in car�lage Ei with age suggest accompanying changes in biochemical composi�on with age. 

In the current study, canine car�lage showed no correla�on of GAG with age but shows no correla�on to 

car�lage Ei (Figure 4). This data is in agreement with findings from Bielajew et al [109], who found that 

GAG content in the pig femoral condyle did not change between juvenile and adult pigs. In contrast, others 

determined that chondrocyte proteoglycan synthesis is nega�vely correlated with age[129] and the 

proteoglycans that are produced are more irregular [130, 131]. The restructuring of car�lage extracellular 

matrix (ECM) with irregular proteoglycans could be affec�ng the car�lage mechanical proper�es. In 

addi�on, several studies have found that the density of chondroi�n sulfate is nega�vely correlated with 

age and is replaced with keratan sulfate [131-134]. Keratan sulfate is approximately the same weight as 

chondroi�n sulfate, which may explain why there is no change in GAG composi�on in the current study 

(Figure 4). Keratan sulfate is also associated with the pathophysiology of cornea and neural diseases and 

is thought to disrupt collagen fibril organiza�on [135]. This could explain the decrease in collagen 

composi�on as well (Figure 4). According to Akhtar [136]et al , the presence of keratan sulfate could affect 
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the ability of proteoglycan core proteins to bind to collagen, hence leading to cross-linking. Collagen cross-

linking has been associated with aging and increased s�ffness of car�lage in pigs [109], horses [137], and 

humans [138-140]. In fact, Georges et al suggests that crosslinking has a greater impact on s�ffness and 

mechanical proper�es than the quan�ty of deposited ECM alone [141, 142]. This directly contrasts with 

the results in the current study which show that collagen content had litle to no effect on car�lage Ei 

(Figure 4). These results are further illustrated when looking at individual surfaces. The GAG (Figure 5) 

and collagen (Figure 6) composi�on of each individual surface showed no significant trends with age. This 

observa�on could be due to several reasons. 1. The rela�vely small sample size of dogs used in this study 

(N=12) could be hiding significant trends. 2. The pooling of several dog breeds could also be skewing the 

data results. 3. There could be more factors contribu�ng to car�lage biochemical and biomechanical 

proper�es than what was explored in this study. Further data analysis and tes�ng is needed to uncover all 

the contribu�ng factors.  

 

Histopathological assessment agreed with biochemical data and revealed a nega�ve correla�on of 

thickness and cellularity with age (Figures 2, Figure 7, and Figure 8). These results are in alignment with 

findings from mul�ple studies that have found a reduc�on in chondrocytes in healthy aging car�lage and 

osteoarthri�c car�lage[143-145]. In addi�on, several groups have argued that increased s�ffness of the 

ECM matrix directly influences the behavior and func�on of cells by reinforcing fibrosis and cellular 

senescence[90, 146, 147]. Jeon et al found that local clearance of senescent chondrocytes with a senoly�c 

molecule decreased chondrocyte expression of senescent and inflammatory markers while increasing the 

expression of car�lage �ssue ECM proteins [91].  This would reinforce the importance of the results found 

in the current study. The current study shows an increase in car�lage Ei and a decrease in cell density. 

Future studies could explore cellular markers specific to cell senescence to confirm.  
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In conclusion, the data from this study uncovers some important correla�ons in car�lage aging and brings 

up new ques�ons. In par�cular, it would be essen�al to conduct similar in situ studies on larger sample 

size of a par�cular joint types. It would be also interes�ng to perform a compara�ve study between canine 

and human car�lages using the same approach. The main limita�on of this study was the small  sample 

size. This limita�on may have obscured trends or significant findings. However, the data of this current 

study presents results that may challenge the current knowledge about car�lage biomechanics. This study 

is the first, to our knowledge to explore car�lage biomechanics in comprehensive manner in situ. 

Therefore, the challenges it poses to current literature may reflect true values in vivo. It is possible that 

there are more contribu�ng factors to car�lage biomechanics when tested in situ. Nevertheless, more 

inves�ga�on is needed to iden�fy specific mechanisms contribu�ng to car�lage aging and how this differs 

across species. As a result, we can beter tailor regenera�ve therapies or �ssue engineered products for 

the individual.  
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Abstract:  

This study explored the feasibility of using fish skin bandages as a therapeu�c op�on for third-degree skin 

burns. Following the California wildfires, clinical observa�ons of animals with third-degree skin burns 

demonstrated increased comfort levels and reduced pain when treated with �lapia fish skin. Despite the 

promises of this therapy, there are few studies explaining the healing mechanisms behind the applica�on 

of �lapia fish skin. In this study, mice with third-degree burns were treated with either a hydrocolloid 

adhesive bandage (control) (n = 16) or fish skin (n = 16) 7 days post-burn. Mice were subjected to 

histologic, hematologic, molecular, and gross evalua�on at days 7, 16, and 28 post-burn. The fish skin 

offered no benefit to overall wound closure compared to hydrocolloids. Addi�onally, we detected no 

difference between fish skin and control treatments in regard to hypermetabolism or hematologic values. 

However, the fish skin groups exhibited 2 �mes more vasculariza�on and 2 �mes higher expression of 

an�microbial defensin pep�de in comparison to controls. Proteomic analysis of the fish skin revealed the 

presence of an�microbial pep�des. Collec�vely, these data suggest that fish skin can serve as an 

innova�ve and cost-effec�ve therapeu�c alterna�ve for burn vic�ms to facilitate vasculariza�on and 

reduce bacterial infec�on. 
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1. Introduc�on 

Severe skin burns are painful and may be life-threatening injuries, posing a substan�al public health 

concern. Worldwide, an es�mated 180,000 deaths occur annually due to burns, with the majority 

occurring in low- and middle-income countries [1]. Non-fatal burn injuries are among the leading causes 

of morbidity [1]. Treatment of burns typically requires prolonged hospitaliza�on and may result in 

disfigurement and disability, o�en with resul�ng s�gma and rejec�on. In the United States alone, it is 

es�mated that approximately 359,000 people sought medical care for burns in 2020 [2]. Global warming-

associated wildfires and the associated burn vic�ms are increasing worldwide at an alarming rate [3]. 

These sta�s�cs associated with burns invite the development of novel, affordable therapies for burn 

pa�ents. 

Burns can be categorized depending on the degree of damage inflicted. First-degree burns are defined 

as superficial burns consis�ng of damage only to the epidermis. These burns usually heal within seven 

days of injury. Second-degree burns involve the epidermis and dermis and can be further categorized into 

superficial par�al thickness (epidermis and papillary dermis) or deep par�al thickness (epidermis and 

re�cular dermis). Superficial par�al thickness burns typically heal within 10 days and require debridement 

of damaged skin and daily wound care. Deep par�al-thickness burns have a more variable healing �me, 

usually between 10 and 28 days, and require surgical excision and resurfacing in addi�on to daily wound 

care. A burn that affects the en�re dermis is categorized as third degree, will require surgical excision and 

resurfacing, and typically heals within three weeks or more. Once a burn reaches �ssues deep in the 

dermis, such as muscle, fat, and bone, it is categorized as a fourth-degree burn and o�en requires 

amputa�on and more extensive reconstruc�on [4]. 
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Burns injuries are not just limited to skin and can result in systemic complica�ons. Burns exceeding 

30% of total body surface area can trigger a systemic inflammatory response, thus resul�ng in 

hypovolemic burn shock, a hypercoagulable state, and a risk of sepsis [5]. Furthermore, the extreme 

metabolic challenge associated with severe burns results in hypermetabolism syndrome. The exact 

pathophysiology is s�ll elusive, but it has been recognized as a marked increase in catecholamines and 

cor�sol and changes in acute phase protein pathways, leading to increased metabolic rates, systemic 

increases in catabolism, and mul�-organ dysfunc�on [6]. Hew et al. demonstrated that post-burn 

hypermetabolism is induced in mice with both large (10% TBSA) and small (2.8% TBSA) burns using 

parameters such as basal energy expenditure, changes in catabolism, and changes in hormones and 

inflammatory mediators [7]. These altera�ons in metabolism and inflamma�on may impede the healing 

process of wounds and introduce new complica�ons that necessitate medical aten�on. 

Substan�al progress in burn care has significantly improved the survival of burn vic�ms [4]. However, 

more improvements can be achieved in the area of skin replacement. For example, autologous skin 

gra�ing may be currently considered the gold standard for burn treatment, but this op�on is not suitable 

for pa�ents with extensive burns and has the disadvantage of inducing morbidity at the collec�on site [8]. 

Biological and synthe�c skin subs�tutes offer various advantages; however, at this juncture, there is no 

ideal skin subs�tute on the market that provides effec�ve, affordable, and scar-free wound healing [9]. 

Currently, available treatment op�ons may leave pa�ents at risk of complica�ons such as pain, scarring, 

and infec�on, underscoring the need for medical advancements in skin replacement modali�es. 

Tilapia skin has been explored as a promising burn treatment since it was first used in a clinical trial on 

humans in Brazil in 2017 [10]. According to Hu et al., 99.14% of pep�des extracted from �lapia skin by 

hydrolysis were less than 5 kDa, with 58% hydrophilic residues. These pep�des were effec�ve in reducing 

the scratch defects of kera�nocytes as effec�vely as an epidermal growth factor. Also, the wound-healing 

rate in the rabbit in vivo model treated with marine pep�des was enhanced compared to burn ointment 
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and untreated control groups [11]. The abundance and rela�vely uncomplicated farming of Nile �lapia, 

combined with its low cost, makes �lapia skin an atrac�ve solu�on for burn therapy. The affordability of 

�lapia skin is especially relevant for low-income socie�es where burn injuries are more prevalent. 

Furthermore, recent wildfire events in California led to a large number of burn vic�ms among wild and 

domes�cated animals. With a lack of affordable skin-replacement op�ons, �lapia skin was used to treat 

extensive third-degree burn wounds in these animals. Although no controlled studies were performed, 

the clinical observa�ons pointed out a marked reduc�on in pain and an increase in comfort levels of �lapia 

skin-treated animals. These clinical observa�ons inspired this study, aiming to explore the efficacy of 

�lapia fish skin bandages for full-thickness burns in mice compared to hydrocolloid bandage-treated 

controls. Here, we report a comparison of wound sizes, complete blood counts, body weights, histology, 

various molecular markers, and serum glucose levels between experimental groups. Addi�onally, we 

report proteomic analyses of nonstructural pep�des of fish and murine skin. 

 

2. Materials and Methods 

2.1. Animals 

For this experiment, 32 C57BL/6 mice with ages ranging from 12 to 15 weeks were divided into two groups 

where males and females were equally represented. This study was conducted with the approval of the 

Ins�tu�onal Animal Care and Use Commitee. 

2.2. Study Design 
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In all mice, scald burn was created on the dorsum at day zero. Body weights were recorded, and blood 

was collected into heparin and serum tubes. On day seven post-burn induc�on, the necro�c skin was 

surgically debrided, and the exposed wound was covered by either fish skin, hydrocolloid bandage (HCB), 

or adhesive bandage (control) (Duo-DERM Cat # 187660) (Figure 1). Half of the mice in fish-skin-treated 

and HCB controls were humanely euthanized on day 16, while the remainder of the mice were euthanized 

on day 28 post-burn induc�on. n. Prior to euthanasia, blood was collected as before. Upon euthanasia, 

the fish skin and HCB bandages were removed, the wounds photographed, and the body weights of the 

animals recorded. 

 

2.3. Burn Induction 

The mice were anesthe�zed using isoflurane (0.5–2%) and oxygen (2 L/min) in an induc�on chamber. 

During the induc�on, buprenorphine (0.05 mg/kg SC), Ce�iofur (20 mg/kg SC), and warm saline (5 mL SC) 

were administered subcutaneously. The mice were then transferred to a table, and maintenance 

isoflurane anesthesia was delivered via a nose cone. Once no pain reflex was registered on the paw pinch, 

tetracaine eye drops were applied to each eye, and a heparin-treated hematocrit capillary tube was 

inserted into the retro-orbital sinus to withdraw blood. Four drops of blood were collected into serum and 

Figure 1. Study design and �meline of the study. A scald burn was induced on the dorsum. On day 7, 
the burned �ssue was surgically debrided, and the wound was dressed in either a hydrocolloid 
bandage (HCB) or rehydrated fish skin. Both bandages were secured to the intact skin with metal 
clips. On day 16 and day 28, animals were humanely euthanized for �ssue collec�on. The blood was 
drawn from the infraorbital sinus under anesthesia at days 0, 7, 16. 
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EDTA tubes, respec�vely. The blood was kept on ice un�l processing within a few hours. A complete blood 

count (CBC) was performed at UC Davis Compara�ve Pathology Laboratory, cer�fied for murine blood 

analysis. Both eyes were then lubricated with ointment to prevent corneal drying during the anesthesia. 

The dorsum was shaved with beard clippers to expose approximately 2 cm × 3 cm area of skin. Veet hair 

removal cream was applied to the shaved area for 60 s to remove the hair completely. Once the cream 

was removed, each mouse was laid onto the plas�c bed with the 20 × 30 mm opening (corresponding to 

3–5% of total body surface area) overlapping the shaved area of skin. The scald burns were induced 

according to a previously published protocol with minor modifica�ons [12]. Specifically, the water 

temperature was raised to 56°C, and the exposure �me was increased to 30 s to ensure induc�on of third-

degree burns. Mice were in individual cages a�er the burn induc�on. Fluids and buprenorphine were 

administered prior to burn induc�on and then twice daily for the three days following burn induc�on. The 

mice were monitored daily for 10 days post-burn. 

Although the burn-induc�on condi�ons were iden�cal for all mice, smaller females with body weights of 

<25 g did not tolerate the burn procedure well and had to be euthanized before they reached the 

termina�on �me points. For this reason, the study was repeated on addi�onal mice with the best possible 

atempt to have a balanced sex representa�on across groups. The eventual numbers of mice across groups 

are presented in the results in Sec�on 3.7. 

 

2.4. Burn Debridement and Treatment 

On the seventh day post-burn, the mice were weighed, anesthe�zed, and had blood collected via the 

same procedure outlined above. Once blood was collected, the wounded area of each mouse was 

surgically debrided, and fish skin or HCB (control) was applied to completely cover the wound 

(Supplementary Materials Video S1). Each dressing was secured to the surrounding skin with metal clips. 
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2.5. Sacrifice and Sample Collection 

On the day of sacrifice, mice were anesthe�zed, and blood was drawn as previously described, but no 

fluids or other medica�ons were administered. Upon sacrifice, the clips were removed before weighing. 

Anesthe�zed animals were placed into a CO2 chamber un�l no rib movement was observed. Post mortem, 

the skin samples from the burn-healthy skin interface were harvested and preserved frozen or fixed in 

formalin for further RNA isola�on, proteomic analysis, and histology. 

 

2.6. Fish Skin Preparation 

The fish skin bandages were produced at UC Davis using a patented protocol 

htps://patents.google.com/patent/US11612675B1 (accessed on 20 August 2023) [13]. This protocol is 

approved and publicly available. Briefly, whole �lapia fish were cleaned from scales and celomic contents. 

The skin was removed from the very fresh �lapia fish (<2 h post-mortem) by trac�on from the rostral-

dorsal aspect of the fish body towards the tail using the pincher tool (Supplementary Materials Figure 

S1).  

The removed skin was 

placed in the ice bath 

for 10 min to prevent 

deteriora�on while 

processing other fish. 

The myofascial �ssue 

was then thoroughly 

scraped away with a 

blunt knife or a hard scraper. A�er that, the skins were rinsed in a new container with sterile 0.9% saline 

and then transferred to the container containing 2% Chlorhexidine gluconate (VetOne 30159, VetOne, 

Figure S1. Schema�c of �lapia skin prepara�on. The skin was cut along 
the solid lines and then pulled in the direc�on of the arrow from the 
dorso-cranial corner (*). The procedure was repeated on opposite side. 
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Boise, ID, USA) at 1 mL solu�on per each 1 cm2 of skin. The skins were soaked in this solu�on with gentle 

agita�on for 30 min before a repeated rinse with saline. The process of Chlorhexidine gluconate soak and 

rinse was repeated one more �me before the skins were transferred into 50% glycerol solu�on in saline 

for 1 h soak at room temperature with gentle agita�on. Subsequently, the skins were soaked in 75% and 

99% glycerol (Thermo 17904, Thermo Fisher Scien�fic, Waltham, MA, USA) for 1 h at room temperature 

and then 24 h at 4 _C, respec�vely. A�er that, the skins were preserved in 100% glycerol with 1% pen 

strep for up to three months. 

Before applica�on to the wounds, the skins were rehydrated in three subsequent soaks of sterile 0.9% 

saline for 20 min each. Once rehydrated, the skins were used in their en�rety. 

 

2.7. Wound Size 

Photographs were taken on the day of debridement and the day of sacrifice once the bandages had been 

removed. Photographs were analyzed with Image J so�ware (Java 1.8.0_172 (64-bit), Na�onal Ins�tutes 

of Health, Bethesda, MD, USA), where the total area of the burn was measured at the �me of debridement 

and upon sacrifice to yield the closure index (Closure index = ([wound size at Day 7] � [wound size at day 

16/28]/[wound size on day 7]). Thus, a closure index value of one is indica�ve of complete closure, while 

a value of zero indicates a complete absence of wound closure. The closure indexes were compared 

between control and fish skin bandage-treated groups at two �me points (day 16 and day 28). 

 

2.8. Blood Analyses 

Heparinized blood was submited for complete blood count, while serum was analyzed for glucose. 

 

2.9. PCR Testing 
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Total RNA was extracted from mouse skin using TRIzol (Invitrogen,Waltham, MA, USA) following the 

manufacturer’s protocol, and cDNA was generated using the Quan�Tect Reverse Transcrip�on Kit (Qiagen, 

Venlo, The Netherlands). RNA expression of genes listed in Table 1 was determined by real-�me 

quan�ta�ve RT-PCR (Qiagen, Venlo, The Netherlands) using Qiagen’s Quan�Nova SYBR Green PCR buffer. 

Each reac�on was carried out in duplicates. Cycle condi�ons were denatura�on at 95 _C for 2 min, 

followed by 40 cycles of denatura�on at 95 _C for 5 s and annealing/extension at 60 _C for 10 s. The final 

mel�ng curve step was performed according to Bio-Rad’s CFX 96 (Bio-Rad Laboratories, Hercules, CA, 

USA). The level of expression of the target gene was normalized to GAPDH. All calcula�ons were 

formulated using the delta-delta-CT method. Primer sets were designed from known murine gene 

sequences or generated from previously published data (Table 1). 

 

2.10. Proteomics 

Skin samples were analyzed a�er tryp�c in-solu�on diges�on. Briefly, proteomics samples were collected, 

processed, and analyzed with LCMS using nanoAcquity (Waters, Milford, MA, USA) and Impact II (Bruker 

Daltonics, Billerica, MA, USA), as previously published [23–25]. Sequences of iden�fied pep�des were 

searched against mice and �lapia with PEAKS X Plus (BSI, Inc., Waterloo, ON, Canada) against Uniprot 

proteomes (UP000005207, UP000000589) to iden�fy proteins present in samples. Iden�fied proteins 
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were then blasted against NCBI (htps://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 8 July 2020) using 

their six-digit accession number. 

The complete set of proteomic and all other raw data is provided in a ( Supplementary Materials Table S1) 

and Public Data Repository (htps://data.mendeley.com/datasets/hssv66g4kb/4, accessed on 14 

September 2023). We screened and compared the pep�des between murine and fish skin, created a new 

list of pep�des that were present in the fish skin but not murine skin, and excluded structural pep�des in 

both species. A�er the elimina�on of structural or Iden�cal pep�des from both species, the list was 

reduced to uncharacterized nonstructural pep�des. Their sequences were then blasted against the 

mammalian protein database. Only proteins with > 90% iden�ty to uncharacterized pep�des in fish skin 

are reported here with STRING Consor�um Version 11.5 (STRING, Zurich, Switzerland). 

 

2.11. Histology 

Ini�al histological evalua�on was performed on hematoxylin and eosin-stained sec�ons, where the extent 

of granula�on �ssue, presence and severity of inflamma�on, type of inflammatory cells, presence of 

bacterial contamina�on, and degree of re-epithelializa�on were assessed. Subsequently, snapshot images 

of the granula�on �ssue at the lesion interface at 20X and 200X magnifica�on were acquired. The 

vasculariza�on in the granula�on �ssue was then quan�fied via manual count with ImageJ on 200X 

magnifica�on images. The quan�fica�on of vessels was normalized to the area of the sec�on. Addi�onal 

5 µm sec�ons were generated from the same paraffin blocks for immunohistochemical evalua�on. 

Immunoreac�vity for Factor VIII was applied in order to more precisely highlight and quan�fy the degree 

of neovasculariza�on. Similarly, using 20X magnifica�on images of the burn sec�on snapshots, the 

thicknesses of the skin were measured at the burned–healthy skin interface loca�on with ImageJ. 

 

2.12. Immunohistochemistry (IHC) 
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All samples were sec�oned at 5 µm. Briefly, FFPE sec�ons were deparaffinized in xylene and hydrated in 

100% ethanol before blocking endogenous peroxidase ac�vity by incuba�ng sec�ons in 0.3% hydrogen 

peroxide in methanol for 30 min. Sec�ons were then hydrated in decreasing concentra�ons of ethanol 

(95% and 70%, respec�vely). Enzyma�c an�gen retrieval was performed with Proteinase K (200 ug/mL) 

for 10 min at room temperature (RT) (Millipore IHC Select, Millipore, Louisville, KY, USA). Next, sec�ons 

were blocked at (RT) with 10% horse serum in phosphate-buffered saline and Tween-20 (PBST) for 30 min. 

Sec�ons were incubated with Polyclonal Rabbit An�-Human vonWillebrand Factor [1:2000] (Dako, A0082, 

Santa Clara, CA, USA) diluted in PBST for one hour at RT. One-step an�gen detec�on was performed with 

Rabbit-on-Canine HRP-polymer (Biocare Medical, RC542, Concord, CA, USA) incuba�on for 30 min at RT. 

Vector NovaRed® Peroxidase (HRP) Substrate Kit (Vector Laboratories, SK, 4800, Newark, CA, USA) was 

used to detect the an�gen in murine skin samples. The specimens were then counterstained with Mayer’s 

Hematoxylin Solu�on (Sigma-Aldrich, MHS16, Youngstown, OH, USA) and washed in tap water to blue the 

stain. Specimens were dehydrated with a quick dip in 100% ethanol and xylene and coverslipped using a 

moun�ng medium (Vector labs Cat # H-5000-60, Detroit, MI, USA). Histological images were analyzed and 

captured on Olympus BX46 (EVIDENT, Bethlehem, PA, USA) equipped with a color camera Olympus DP 27. 

All images were captured at 20X magnifica�on. The vasculature counts were performed on captured 

images with ImageJ. 

 

2.13. Statistical Analysis 

Sta�s�cs were created using GraphPad Prism version 9.5.1 (GraphPad So�ware, Dotma�cs, Boston, MA, 

USA). All data presented are expressed as means with standard error. All data were checked for normality 

and transformed accordingly. Two-way ANOVA tests were used to compare control and fish-skin-treated 

mice at all �me points in our PCR data and complete blood count evalua�on. A paired t-test was used to 

compare fish-skin-treated groups to controls in CBC data, wound closure index, wound area, serum 
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glucose, and body weight. All data were analyzed further to explore differences between male and female 

mice post-burn. Paired t-tests were used to compare male and female mice for each �me point and 

parameter. Results were considered sta�s�cally significant at p < 0.05. 

 

3. Results 

3.1. Wound Size Evaluation and Quantification of Mice Treated with Fish Skin 

The wound size was measured on day 7 and on day 16 or day 28 (Figure 2A). The average percent of the 

total body surface area burned on day 7 was between 3 and 5%. Significant differences were detected in 

the wound closure indexes (Figure 2B). As men�oned earlier, a wound closure index of one indicates a full 

wound closure, while an index of zero indicates no wound closure. Fish skin treatment showed no benefit 

in wound closure over the controls at the 16-day �me point. Specifically, the closure index was significantly 

higher in control mice than in the fish-skin-treated mice at 16 days. However, at the 28-day �me-point, 

there was no significant difference in wound closure indexes between the groups. In both control mice 

and fish-skin-treated mice, there was a significant increase in the wound closure index at the 28-day �me 

point rela�ve to the 16-day �me point. 

Figure 2. Wound healing and metabolism. (A) Wound area on day 7, day 16, and day 28. (B) The 
wound closure index was calculated with the following formula: (Closure index = ([wound size at Day 
7] / [wound size at day 16/28]/[wound size at day 7]. (C) Body weight at days 0, 7, 16, and 28. (D) 
Serum glucose at days 0, 7, 16, and 28. Normal serum levels are indicated by the gray box. Asterisks 
annota�on: p _ 0.05 (*). Baseline groups represent the average parameters of all mice, regardless of 
treatment. All mice were treated the same un�l day 7. 
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3.2. Serum Glucose 

We detected no significant differences in glucose levels between treatment groups at any �me point in 

this study. On day 16, both HCB and fish-skin-treated mice showed a significant decrease in glucose 

rela�ve to days 0 and 7 baseline values (Figure 2C). On day 28, control mice con�nued to have significantly 

lower than day 0 and day 7 glucose levels; in contrast, fish-skin-treated mice returned to the original value 

range. 

 

3.3. Evaluation of Body Weight Changes 

Figure 3. Complete leukocyte blood count analysis. (A) White blood cell count on days 0, 
7, 16, and 28. (B) Lymphocyte counts on days 0, 7, 16, and 28. (C) Neutrophil counts on 
days 0, 7, 16, and 28. (D) Monocyte counts on days 0, 7, 16, and 28. (E) Basophil counts 
on days 0, 7, 16, and 28. (F) Eosinophil counts on days 0, 7, 16, and 28. Asterisks 
annota�on: p ≤ 0.05 (*). Baseline groups represent the average parameters of all mice, 
regardless of treatment. All mice were treated the same un�l day 7. 
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All mice, HCB and fish-skin-treated, showed no significant changes in body weight at any �me point (Figure 

2D). None of the test individuals dropped their body weight below the baseline range. 

 

3.4. Complete Blood Count Evaluation 

3.4.1. White Blood Cells 

All mice, controls and fish-skin-treated, showed no significant changes in total white blood cell (WBC) 

count at any �me point (Figure 3A). Control mice showed a minimal increase in WBC count on day 16 and 

then a slightly 

lower WBC count 

on day 28. In 

contrast, fish-skin-

treated mice 

showed virtually 

no change in 

counts on days 16 

and 28. 

 

3.4.2. Lymphocytes 

Absolute 

lymphocyte counts 

were significantly 

lower in the 

controls than in fish-skin treated mice at the 28 d �me point (Figure 3B). Although insignificant, an 

opposite trend was observed between the groups at the 16 d �me point. Fish-skin-treated mice had 

Figure S2. Percent Leukocyte Blood Analysis. (A) Percent lymphocytes at 
days 0 ,7, 16, and 28. (B) Percent neutrophils at days 0, 7, 16, and 28. (C) 
Percent monocytes at days 0, 7, 16, and 28. (D) Percent basophils at days 
0, 7, 16, and 28. (E) Percent eosinophils at days 0, 7, 16, and 28. P ≤ 0.05 
(*). Baseline groups represent the average parameters of all mice, 
regardless of treatment. All mice were treated the same un�l day 7. 
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significantly higher counts on day 28 rela�ve to day 16. Data on lymphocyte percentages, provided in the 

Supplementary Materials (Figure S2A), generally follow the trend discussed above. 

 

3.4.3. Neutrophils 

Both groups showed similar trends in absolute neutrophil counts (Figure 3C) as well as neutrophil 

percentages (Figure S2B), and we detected no significant differences in neutrophil counts or percentages 

between control and fish-skin-treated groups at any �me points. Mice treated with fish skin had 

significantly higher neutrophil counts on day 16 and day 28 rela�ve to day 0. At 28 days, fish-skin-treated 

mice showed an insignificant reduc�on in neutrophil absolute counts rela�ve to day 16. Neutrophil counts 

of HCB treated mice, although insignificant, showed an increase at day 16 and day 28 rela�ve to baseline 

values. However, neutrophil counts of HCB-treated mice decreased at day 28 rela�ve to day 16. 

 

3.4.4. Monocytes 

Both groups showed similar trends of monocyte popula�ons throughout the study. Absolute count (Figure 

3D) and percentage (Figure S2C) of monocytes trended higher in HCB than fish skin groups except at day 

28. However, the only significant difference between the control and fish skin groups was that monocyte 

counts were higher in controls at day 16. Control mice showed no significant difference in monocyte 

counts between 16 d and 28 d �me points. In contrast, fish-skin-treated mice showed a significant increase 

in the number of monocytes on day 28 rela�ve to day 0. Both groups showed a progressive increase in 

monocyte counts among the �me points rela�ve to the day 0 baseline. 

 

3.4.5. Basophils 

All mice, HCB and fish-skin-treated, showed no significant differences in basophil percentages (Figure S2D) 

at any �me point. However, basophil counts (Figure 3E) showed significant changes rela�ve to baseline 
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values in both groups. Fish-skin-treated mice showed a significant increase in basophil count on day 28 

rela�ve to day 7 and day 0. In contrast, HCB-treated mice only showed a significant change on day 28 

rela�ve to day 7. 

 

3.4.6. Eosinophils 

Both groups showed similar trends in absolute eosinophil counts (Figure 3F) as well as eosinophil 

percentages (Figure S2E), and we detected no significant differences in eosinophil counts or percentages 

between control and fish-skin-treated groups at any �me point. Eosinophil percentage and absolute 

counts trended higher in controls rela�ve to fish skin. Mice treated with fish skin showed a significant 

increase in the percentage of eosinophils on day 16 and day 28 rela�ve to day 7 (Figure S2E). Similarly, 

mice treated with fish skin showed a significant increase in eosinophil counts on day 28 rela�ve to day 7. 

HCB groups also showed a significant increase in the percentage and number of eosinophils on day 16 and 

day 28 rela�ve to day 7. Overall, no significant effect of fish skin treatments was found in eosinophil 

popula�ons rela�ve to controls. 

 

3.4.7. Red Blood Cell (RBC) Counts 

Both fish skin and control mice showed similar trends and no significant differences in RBC counts at any 

�me point (Figure 4A). In both groups, RBC counts were below the baseline at 16 d �me points. At 28 d, 

the values returned to the 7d baseline range in both groups. The RBC counts decreased significantly in the 

fish-skin-treated group between days 7 and 16, but not in controls. 

 

3.4.8. Platelets 

The platelet counts followed the opposite trend of RBC counts and demonstrated an expected increase 

between day zero and days 7, 16, and 28 (Figure 4B). Fish-skin-treated mice showed a significant increase 
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in platelet counts at day 16 and day 28 rela�ve to both baseline �me points. In contrast, HCB-treated mice 

Figure 4. Complete blood parameter analysis. (A) Red blood cell count on days 0, 7, 16, and 28. (B) 
Platelet cell count at days 0, 7, 16, and 28. (C) Hemoglobulin concentra�on on days 0, 7, 16, and 28. 
(D) Mean corpuscular volume on days 0, 7, 16, and 28. (E) Mean platelet volume on days 0, 7, 16, 
and 28. (F) Mean corpuscular concentra�on on days 0, 7, 16, and 28. (G) Mean corpuscular 
hemoglobulin on days 0, 7, 16, and 28. (H) Percent hematocrit on days 0, 7, 16, and 28. (I) Percent 
red blood cell distribu�on width on days 0, 7, 16, and 28. Asterisks annota�on: p ≤ 0.05 (*). Baseline 
groups took the average of all mice, regardless of treatment. All mice were treated the same un�l 
day 7. 
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only showed a significant increase in platelet counts on day 28 rela�ve to both baseline �me points. 

Platelet counts showed a significant difference between HCB and fish-skin-treated mice on day 16. 

However, this trend dissipated at day 28 when the platelet counts were almost iden�cal between the 

study groups. 

 

3.4.9. Hemoglobulin 

Both groups had a decrease in hemoglobulin levels on day 16 rela�ve to baseline values (Figure 4C). 

Hemoglobulin levels increased minimally on day 28 rela�ve to day 16 in both groups, but there were no 

significant differences between the groups at any �me point of the study. 

 

3.4.10. Mean Corpuscular Volume (MCV) 

HCB and fish-skin-treated mice showed opposite trends with regard to the mean corpuscular volume 

(MCV) of red blood cells (Figure 4D). MCV values in both groups were almost iden�cal to 7 d baseline 

values. However, on day 28, both groups had a decrease rela�ve to day 16 and 7 �me points. Fish-skin-

treated mice showed significantly lower and closer to the baseline MCV value rela�ve to the control at 

day 28. 

 

3.4.11. Mean Platelet Volume (MPV) 

MPV had a significantly higher value in controls on day 16 rela�ve to day 7. Otherwise, no significant 

difference was recorded between treatment groups at any �me point in the study (Figure 4E). 

 

3.4.12. Mean Corpuscular Hemoglobulin (MCH) 

HCB groups maintained a normal and consistent level of mean corpuscular hemoglobulin (MCH) 

throughout the study (Figure 4F). MCH values of fish-skin-treated mice remained iden�cal to baseline 
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groups on day 16 but then significantly decreased on day 28 rela�ve to day 16. In contrast, MCH values of 

HCB-treated mice, although insignificant, remained lower than baseline values. Overall, there were no 

significant differences between the control and fish skin groups at any �me point. 

 

3.4.13. Mean Corpuscular Hemoglobulin Concentration (MCHC) 

Fish-skin-treated mice maintained a consistent level of MCHC similar to baseline values throughout the 

study (Figure 4G). MCHC values of HCB groups decreased slightly ini�ally but then showed a significant 

increase on day 28 rela�ve to day 7 and rela�ve to day 16. Addi�onally, the MCHC of HCB groups on day 

28 was significantly higher than fish skin groups on day 28. 

 

3.4.14. Percent of Hematocrit 

Both fish skin and control groups showed similar trends of hematocrit throughout the study. On day 16, 

hematocrit values of fish skin trended lower than controls (Figure 4H). This trend was reversed at day 28 

when hematocrit values of fish skin groups increased and surpassed the values of control groups. Fish skin 

groups showed significant decreases on day 16 rela�ve to day 7 and day 0. Similarly, hematocrit values of 

HCB groups decreased significantly on day 28 rela�ve to day 0. Control groups maintained a fairly 

consistent level for the remainder of the study. There were no significant differences between fish skin 

and control groups. 

 

3.4.15. Percent Red Blood Cell Distribution Width (RDW) 

Both fish skin and control groups showed similar trends of increasing RDW at all �me points. There were 

no significant changes between the control and fish skin groups (Figure 4I). However, fish skin groups 

suggested higher rates of change between different �me points in comparison to control groups. For 

example, both groups had a significant increase in RDW values on day 16 rela�ve to day 7 and day 0. 
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3.5. Histology 

Histology confirmed the presence of full-thickness skin burns in all mice (Figure 5). Sec�ons collected on 

day 7 (during the debridement procedure) contained denatured epidermis, dermis, hypodermis, hair 

follicles, and panniculus carnosus. The coagula�ve necrosis affec�ng these structures was characterized 

by a loss of cellular detail, sprinkling of nuclear fragments, and uniform eosinophilia. These layers formed 

a thick crust layered with abundant fibrin, degenerate neutrophils, cellular debris, fragmented hair sha�s, 

and extravasated RBCs. 
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Sec�ons collected on day 16 had markedly thickened and hypercellular hypodermis, especially prominent 

at the lesion interface with the normal skin. The hypercellularity was contributed by abundant fibroblasts 

Figure 5. Histology. (A–D): Low- 
(A,B) and high- (C,D) 
magnifica�on images of murine 
skin seven days post-burn 
induc�on. High-magnifica�on 
snapshots represent areas 
highlighted by purple rectangles. 
Note full-thickness coagula�ve 
necrosis of epidermis and dermis 
(white ver�cal line), hypodermis 
(yellow ver�cal line), and 
panniculus carnosus (blue 
ver�cal line). The coagula�ve 
necrosis is characterized by 
diffuse eosinophilia and loss of 
cellular and nucellar detail. 
Subtending the necro�c dermis, 
there is a band of degenerate 
leucocytes (predominantly 
neutrophils). (E–H): Low- (E,F) 
and high- (G,H) magnifica�on of 
murine skin 16 days post-burn 
induc�on. High-magnifica�on 
snapshots represent areas 
highlighted by purple rectangles. 
Newly formed capillaries 
(angiogenesis) are indicated by 
black arrows. Note more 
pronounced angiogenesis in the 
granula�on �ssue areas of the 
fish-skin-treated mice. (I–L): Low- 
(I,J) and high- (K,L) magnifica�on 
images of murine skin 28 days 
post-burn induc�on. High-
magnifica�on snapshots 
represent areas highlighted by 
purple rectangles. Note 
angiogenesis is almost equivalent 
in the granula�on �ssue in 
controls and fish-skin-treated 
mice (black arrows). 
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and inflammatory cells (his�ocytes, neutrophils, lymphocytes, and occasional mast cells) supported by a 

loose, at �mes, myxomatous matrix. Mul�ple small-caliber blood vessels and capillaries were abundant 

in these loca�ons (angiogenesis). When quan�fied by the manual count using ImageJ, mice treated with 

fish skin had more pronounced angiogenesis than controls, albeit the difference was not found to be 

sta�s�cally significant. Interes�ngly, and consistent with the clinical observa�on of skin contrac�on 

around the burn, the panniculus carnosus layer extended farther than the epidermis towards the lesion 

center. Some re-epithelializa�on was observed at the lesion interface with the healthy skin, where a 

thickened epidermal layer of the intact skin was con�guous with a thin (1–2 cell thick) layer of neo-

epidermis covering the granula�on �ssue formed instead of hypodermis and dermis. The skin thickness 

at the interface of the burn wound with healthy skin was not significantly different between the treatment 

groups at the 16 d �me point, but the fish-skin-treated group trended slightly higher than the control. No 

new hair follicle forma�on was observed in the regenera�ng skin regions in any of the treatment groups.  
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Skin sec�ons from the 28 d �me point had a similar appearance to that described for 16d with the 

excep�on of a much smaller wound size and, in some cases, almost complete reepithelializa�on of the 

granula�on �ssues bed. No new hair follicle forma�on was observed in the regenera�ng skin regions in 

any of the treatment groups. Some regenera�ve changes were observed in the carnosus muscle. These 

included the rowing of myocyte nuclei and the forma�on of the thin, slightly basophilic in color myofibers. 

Quan�fica�on of angiogenesis on HE sec�ons detected a higher but sta�s�cally insignificant trend in fish-

Figure 6. Quan�fica�on of angiogenesis. (A1,C1) and (A2,C2) micro-captures represent low and 
high magnifica�on images of Factor 8-immunolabeled histological sec�on of skin from the burn 
healthy skin interface in fish skin-treated mice. (B1,D1) and (B2,D2) micro-captures represent 
low and high magnifica�on images of immunolabeled histological sec�on of skin from the burn-
healthy skin interface.in mice treated with HCB. (E) Blood vessel forma�on was quan�fied with 
ImageJ on H&E-stained histology sec�ons. (F) Blood vessel forma�on was quan�fied with 
ImageJ on Factor 8- immunolabeled sec�ons. All counts were normalized to the area of the 
sec�on. Asterisks annota�on: p ≤ 0.05 (*). 
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skin-treated individuals. This trend was reversed on day 28. The skin thickness at the interface with 

healthy skin was significantly higher in fish-skin-treated mice at this �me point (Figure S3). 

 

3.6. Immunohistochemistry 

Immunolabeling for factor 8 revealed a significant increase in 

the number of vessels in the fish-skin-treated mice at the 16 

d �me point. A similar trend, albeit sta�s�cally insignificant, 

was detected on day 28 (Figure 6). 

 

3.7. Survival Outcomes 

The burn induc�on had a detrimental effect on some of the 

smaller mice (females with a body weight of 20 to 23 g), and as a result, some losses were encountered. 

Specifically, these mice exhibited hunched body posture and tremors, refused to eat and drink, and had 

increased skin turgor, indica�ve of dehydra�on. Due to these reasons, the decision for humane euthanasia 

was made. Due to these losses, we repeated the study on addi�onal animals to keep a sufficient 

representa�on of males and females across groups. Table 2 represents the final counts and distribu�on 

of males and females among treatment groups. Nonetheless, no sta�s�cally significant differences were 

observed between males and females for any outcome parameters examined. 

 

3.8. PCR Results 

PCR analysis inves�gated the expression of several genes encoding for pain percep�on, an�microbial 

pep�des, wound healing-associated proteins, and angiogenesis. Substance P (SubP) is a neuropep�de 

responsible for pain percep�on and the recruitment of early responders of inflamma�on [26]. The 

expression of this gene was reversed between the fish skin and control groups (Figure 7A). Specifically, on 

Figure S3. The thickness of the 
skin at the burn-healthy skin 
interface measure on the 

      



138 

day 16, SubP expression trended higher in the fish skin group than in controls, while on day 28, this trend 

was reversed. Overall, the fish skin group had a trend of decreased SubP expression with respect to study 

�me points, while the opposite was detected in controls. However, neither of the differences was found 

to be sta�s�cally significant. Similar trends were observed for bradykinin receptors B1 and B2 (Figure 

7B,C). Bradykinin Receptors B1 and B2 (BKRB1 and BKRB2) are G-protein coupled receptors that bind 

bradykinin. Bradykinin pep�des are responsible for elici�ng many responses, such as vasodila�on, edema, 

pain fiber s�mula�on, and inflamma�on [27–29]. BKRB1 expression trended higher in control groups at 

both �me points. The expression of BKRB2 had the opposite trend among treatment groups. Specifically, 

on day 16, BKRB2 expression trended higher in fish skin than in control groups, while on day 28, this trend 

was reversed. Neither of the differences was found to be sta�s�cally significant. Calcitonin gene-related 

protein (CGRP) is another neuropep�de responsible for pain transmission and vasodila�on [30,31]. CGRP 

expression trended similarly to BKRB2 (Figure 7D). The expression of neuropep�de Y (NPY), another stress 

response neuropep�de, trended higher in the fish skin group than controls at all �me points (Figure 7E). 

However, similarly to BKRB1 and BKRB2, fish-skin-treated mice exhibited decreased expression of these 

genes over the study’s �me points, while controls tended to remain unchanged. 
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Gene expression of defensin (Figure 7F) and cathelicidin an�microbial pep�de (CAMP) (Figure 7G) was 

performed to assess if fish skin treatment offers any benefit in protec�on against bacterial infec�ons [32]. 

The fish skin group had 2.5 �mes more defensin expression than controls on day 16. Defensin expression 

increased slightly in control groups on day 28 but was s�ll lower than in fish-skin-treated mice. However, 

CAMP expression did not 

follow similar trends. CAMP 

expression was minimally 

higher in the fish skin group 

than in controls on day 16, and 

this trend was reversed on day 

28. No significant differences 

were observed between fish 

skin and control groups in 

either defensin or CAMP 

expression. 
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The expression of fibroblast growth factor 2 (FGF2) (Figure 7H) was inves�gated for its important role in 

wound healing. Fibroblast growth factor _ (FGF2) is a signaling protein responsible for ini�a�ng �ssue 

repair, cell growth, and some�mes vasculariza�on [33,34]. At day 16, FGF2 expression in the fish skin 

group trended higher than in controls, while this trend was reversed at day 28. The expression of FGF2 

decreased in the fish skin group over study �me points, whereas the control group stayed principally 

unchanged. No significant differences between fish skin and control groups were detected at any �me 

points.  

 

The expression of vascular endothelial growth factor (VEGF) gene was carried out for its central role in 

angiogenesis. Fish-skin-treated mice had nearly two �mes more VEGF expression than control mice on 

day 16 (Figure 7I). On day 28, fish-skin-treated mice showed a significant decrease in VEGF rela�ve to day 

16 that leveled out to values similar, yet s�ll higher, than HCB groups. 

 

Figure 7. Gene expression analysis with QRT-PCR. The DDCt values for each gene are calculated by 
averaging duplicate runs and normalizing the expression of the gene to GAPDH and control mice. (A) 
Gene Expression of Tachykinin/Substance P at day 16 and day 28 of control and fish skin groups 
normalized to controls and GAPDH expression. (B) Gene Expression of Bradykinin receptor B1 at day 
16 and day 28 of control and fish skin groups normalized to controls and GAPDH expression. (C) 
Gene Expression of Bradykinin receptor B2 at day 16 and day 28 of control and fish skin groups 
normalized to controls and GAPDH expression. (D) Gene Expression of Calcitonin gene-related 
protein at day 16 and day 28 of control and fish skin groups normalized to controls and GAPDH 
expression. (E) Gene Expression of Neuropep�de Y at day 16 and day 28 of control and fish skin 
groups normalized to controls and GAPDH expression. (F) Gene Expression of Defensin at day 16 and 
day 28 of control and fish skin groups normalized to controls and GAPDH expression. (G) Gene 
Expression of Cathelicidin An�microbial Pep�de at day 16 and day 28 of control and fish skin groups 
normalized to controls and GAPDH expression. (H) Gene Expression of Fibroblast Growth Factor 2 at 
day 16 and day 28 of control and fish skin groups normalized to controls and GAPDH expression. (I) 
Gene Expression of Vascular Endothelial Growth Factor at day 16 and day 28 of control and fish skin 
groups normalized to controls and GAPDH expression. (J) Gene Expression of Interlukin-6 at day 16 
and day 28 of control and fish skin groups normalized to controls and GAPDH expression. (K) Gene 
Expression of inducible nitric oxide synthase at day 16 and day 28 of control and fish skin groups 
normalized to controls and GAPDH expression. (L) Gene Expression of neuronal nitric oxide synthase 

t d  16 d d  28 f t l d fi h ki   li d t  t l  d GAPDH i  
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The expression of interleukin-6 (IL-6), neuronal (n), and inducible isoform (i) nitric oxide synthases (NOS) 

was inves�gated for their important role in inflamma�on, vasculariza�on, stress, and insulin resistance. 

On day 16, IL-6 expression in fish-skin-treated mice trended higher than in controls, while this trend was 

reversed on day 28 (Figure 7J). The expression of IL-6 decreased in both groups over the study’s �me 

points. Similar trends were observed with the expression of iNOS (Figure 7K). These trends were reversed 

for the expression of nNOS (Figure 7L). Collec�vely, no significant differences between fish skin and control 

groups were detected at any �me points. 

 

3.9. Proteomics 
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A�er removing cell-structure-related (ac�ns, kera�ns, etc.) proteins and extracellular matrix-related 

proteins (collagens) from the list of total pep�des iden�fied in fish and murine skin samples, we found 22 

uncharacterized pep�des in the fish skin that were not detected in the murine skin. Among these proteins, 

11 had up to 90% sequence similarity with mammalian an�-inflammatory or pain relief pep�des, 7 with 

wound/�ssue repair pep�des, and 7 with an�microbial pep�des (Figure 8). Some proteins had 

overlapping func�ons in each of the groups listed. 

4. Discussion 

This study is the first to evaluate the effects of fish skin burn treatment using histological, hematological, 

and molecular methods in a comprehensive and controlled fashion in a murine model. We also performed 

Figure 8. Proteomic analysis. Proteomic analysis revealed 22 nonstructural proteins unique to fish 
skin. A2M = alpha-2-macroglobulin; FILP1 = Filamin A Interac�ng Protein 1; CDH15 = Cadherin 15;  
GSN = gelsolin; CP = Ceruloplasmin; HPX = Hemopexin; POSTN = perios�n; HSPA1B = Heat shock 
protein 1B; KNG1 = Kiniogen 1; CDH1 = Cadherin 1; TGFB = Transforming growth factor beta; HRG = 
His�dine-rich glycoprotein; FHL2 = four and a half LIM; HBP2 = hyaluronan-binding protein; OGN = 
osteoglycin; ST3GAL2 = CMP-N-acetylneuraminate-beta-galactosaamine-alpha- 2,3-sialyltransferase; 
APOH = Apolipoprotein; C6 = Complement 6; APOA2 = Apolipoprotein-A; CFH = Complement factor-
H; C3 = Complement 3; LOX-protein-lysine 6- oxidase. 
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a proteomic comparison between mammalian and fish skin and iden�fied unique proteins with an�-

inflammatory, wound-repair, and an�microbial proper�es in fish skin. Burn treatment with fish skin 

offered no benefit compared to hydrocolloid treatment in wound closure. We detected no difference 

between fish skin and HCB treatment regarding hematological values or systemic glucose concentra�on. 

However, we found that fish-skin-treated mice had increased angiogenesis at the earlier �me point than 

the HCB-treated controls. We also detected a trend of higher an�microbial pep�de expression in fish-skin-

treated mice compared to controls. Collec�vely, these findings provide insight into the main drivers 

behind fish skin therapy for burns and provide direc�ons for further inves�ga�on. 

 

Wound closure is an important indicator of therapeu�c efficacy. Accelera�ng wound healing is ideal for a 

faster return to func�on. Contrary to our hypothesis and the published report by Ibrahim et al. [35], who 

showed a decrease in the percentage of overall wound size over 3 weeks in donkey metacarpal wounds 

treated with fish skin vs. untreated controls, our study detected no benefit of fish skin therapy on wound 

closure (Figure 2). This disagreement can be due to the difference in experimental design and animal 

species. Specifically, donkeys belonging to the family of Equidae heal their wound in a fashion similar to 

humans, i.e., by re-epithelializing the granula�on �ssue bed forming at the wound site [36]. In contrast to 

Equidae and humans, mice heal their wounds by contrac�ng the dermis-associated panniculus carnosus 

muscle [37–39]. In our experiments, we observed that shortly a�er applica�on, the fish skin bandages 

became hard shell-like structures, while HCB bandages remained so� and pliable throughout the course 

of the study. As a result, HCB-treated burn wounds contracted more efficiently, and their size reduc�on 

was more rapid than fish-skin-treated wounds. In other words, fish-skin treatment acted similarly to 

Dunn’s wound-splin�ng model [38], while HCB treatment did not, rendering it not the most appropriate 

control treatment for this study. It is possible that repea�ng this study using a large animal model such as 
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a pig [40] or using a splin�ng approach would be more appropriate to evaluate the wound-closure effects 

of fish skin burn wound treatment.  

 

We atempted to determine if mice in our study had evidence of hypermetabolic syndrome. However, the 

steady body weight and lack of hyperglycemia suggest that hypermetabolic syndrome did not occur in this 

study (Figure 2). Hypermetabolic syndrome usually occurs in cases with more extensive burns comprising 

TBSA of 60% or more [41]. In the current study, the % TBSA affected by burn ranged between 3 and 5% 

and was probably insufficient to cause hypermetabolic syndrome. The fluctua�ons in glucose values thus 

likely reflect a stress response rather than hypermetabolism syndrome. Also, an increase in IL-6 was 

reported to be associated with hypermetabolism syndrome in pediatric pa�ents [42,43]. Specifically, a 

marked increase rela�ve to pre-burn values was reported around day 7, with a subsequent decrease of 

approximately 1.5 to 2-fold at days 16 and 28, respec�vely [42], with a bio-plex ELISA assay. In our study, 

a similar decrease in IL-6 expression was detected, but it remains to be determined if RNA expression also 

correlated with the protein levels. In concert, more studies and probably a more extensive burn area 

would be needed to determine the effects of fish skin therapy on hypermetabolic syndrome. 

 

Leukograms from the mice showed no evidence of infec�on or excessive consump�on (Figure 3). In 

comparison with reports from human studies [44,45], neutrophil counts had similar fluctua�ons in our 

study, most likely reflec�ng the expected response to extensive �ssue damage. Further studies evalua�ng 

the neutrophils’ specific phenotypes and secretome paterns [46] are essen�al to iden�fy the poten�al 

benefits of fish skin therapy for burns. Monocytes, like neutrophils, are also considered one of the first 

responders to arrive at the site of burn injury during the early inflammatory phase. Interes�ngly, we 

detected significantly fewer systemic monocytes in fish-skin-treated mice than in controls on day 16. On 

day 28, the monocyte counts were similar between the treatment groups, and counts trended higher than 
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on day 16 or at the baseline, but not substan�ally (Figure 3). Histopathological evalua�on of H&E sec�ons 

of the burn sites revealed no difference in macrophage or neutrophil infiltra�on between groups, but this 

assessment is subjec�ve and requires more detailed inves�ga�on. It is important to inves�gate if fish skin 

treatment has an effect on macrophage polariza�on to types one and two [47]. M1 macrophages usually 

secrete high levels of iNOS and IL-6 [48,49]. Our PCR data demonstrated that iNOS and IL-6 expression 

was higher in fish-skin-treated skin samples than in HCB controls on day 16. On day 28, these trends were 

reversed, and IL-6 and iNOS expression were higher in HCB than in the fish-skin-treated group. These data 

indirectly suggest that fish skin treatment may be more induc�ve for the M1 macrophage phenotype at 

the earlier �me points than the HCB control. These results align with studies by Guo et al., who found that 

burn injury increased the expression of iNOS but not nNOS [50]. Immunohistochemical studies are needed 

to assert this assump�on. 

 

We iden�fied significantly higher lymphocyte counts in the fish-skin-treated mice than in HCB controls at 

the 28d �me point (Figure 3). This observa�on is intriguing and deserves a deeper inves�ga�on. 

Specifically, provided the fish skin is a xenogeneic �ssue, it may induce an immune response in the 

recipient mice. A further look into specific lymphocyte phenotypes at the wound site and local and 

systemic cytokine profiles would be required to answer this ques�on. 

 

Fluctua�ons in red blood cell values in this study are numerous, but all primarily reflect an expected 

response to minimal blood loss [51], with no significant differences iden�fied between the treatment 

groups. According to Duncan et al., re�culocytes (i.e., newly formed RBC) have a larger MCV and lower 

hemoglobin concentra�on. Hence, baseline MCV combined with a lower-than-baseline MCHC represents 

regenera�ve erythropoiesis [51]. Our study revealed a significant decrease in RBC counts on day 16, 

followed by an increase on day 28 in both groups. The later changes most likely represent marginal blood 
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loss. This assump�on is supported by the fluctua�on in hemoglobin concentra�on, where a slight 

decrease on day 7 was followed by an increase in values on day 16 and a further increase on day 28 in 

both groups. 

 

Thrombocyte (platelet) counts agree with the RBC counts and suggest that blood loss may have been 

greater in the fish-skin-treated mice as a significant increase in platelet counts was recorded on day 16 

rela�ve to day zero and day 7 baselines. The counts normalized and were iden�cal between the controls 

and fish-skin-treated mice on day 28 (Figure 4). It is possible that the adhesive nature of the HCB bandage 

facilitated beter hemostasis and prevented blood loss, while fish skin offered no advantage in hemostasis. 

Nevertheless, blood loss was not significant, and no mice exhibited signs of anemia at any �me point in 

the study. 

 

Blood vessel forma�on is crucial to transport nutrients, immune cells, and oxygen to facilitate wound 

healing. According to the most recent understanding of the burn model zones [52], the �ssue fromthe 

outer two zones of the burnwound be salvageable if vasculature is revived quickly [53]. In the present 

study, histology sec�ons revealed more vessel forma�on in the fish-skin-treated group at day 16 than in 

controls (Figures 5 and 6). The earlier vessel forma�on in fish-skin-treated mice aligns with reports by 

Ibrahim et al. [35], who showed a similar trend of vasculariza�on on day 14 of metacarpal wounds in 

donkeys treated with fish skin compared to metacarpal wounds dressed with sterile, non-adherent 

dressing pads. The qPCR analysis agreed with the histological observa�ons. It showed significantly greater 

(two-fold) expression of VEGF on day 16 in fish-skin-treated groups compared to controls, reflec�ng the 

beneficial effect of fish skin on angiogenesis. Lastly, the thicknesses of the skin at the interface of the burn 

with healthy skin were significantly thicker in fishskin-treated mice at the 28 d �me point, sugges�ve of a 

thicker layer of granula�on �ssue in these animals. 
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The unpublished data from clinical treatments of veterinary pa�ents with �lapia fish skin during recent 

fires in California suggested that fish skin therapy for burns had an immediate pain-media�ng effect. For 

example, bears with burned paws could walk a�er fish skin applica�on but not when wounds were treated 

conserva�vely with bandaging. We therefore atempted to explore if fish skin treatment of burns on mice 

would have some effects on pain mediators or their receptors. Close observa�on of experimental animals 

and unchanged body weight throughout the study did not support a difference in pain sensa�on between 

experimental groups. Our PCR explora�on of pain-associated gene expression of substance P, bradykinin 

receptor 2, neuropep�de Y, and calcitonin gene related protein did not reveal significant differences 

between treatment groups, and thus neither confirm nor corroborate clinical observa�ons of pain relief 

(Figure 7). Further, more mechanis�c inves�ga�ons on the fish skin’s effect on pain sensa�on using specific 

agonists and antagonists to determine if fish skin has any benefit in pain mi�ga�on would be needed to 

elucidate this aspect. 

 

Fish-skin-treated mice had nearly two �mes more expression of defensin (Figure 7) in comparison to 

controls at all �me points, albeit not sta�s�cally significant. Clinical studies performed on human pa�ents 

with burns found that defensin expression is reduced in burn wounds [54]. The increased expression of 

defensin in fish-skin-treated mice may suggest that fish skin facilitated the secre�on of this pep�de. 

Although no bacterial infec�on was detected in any of the groups in this study, further studies with 

controlled bacterial infec�ons may be beneficial to further inves�gate the relevance of this finding. A 

similar but less-pronounced trend was detected in the expression of cathelicidin an�microbial pep�de in 

this study. Albeit not significantly different from controls, cathelicidin an�microbial pep�de expression 

trended higher in fish-skin-treated mice. Provided the importance of this an�microbial pep�de in 

controlling bacterial infec�on in a knockout mouse model [55], further study would be beneficial. 
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Proteomic analysis of fish skin revealed 22 uniden�fied nonstructural pep�des (Figure 8). Upon blas�ng 

these sequences against the database, iden�ty with mammalian an�microbial, �ssue repair, and an�-

inflammatory pep�des was detected. Specifically, the FHL2 pep�de was iden�fied. This pep�de is involved 

in platelet ac�va�on, pathogen clearance, cytokine regula�on, and cell prolifera�on [56]. According to 

Wixler et al., the failure of �ssue repair is always accompanied by the suppression of FHL2 [56]. Other 

nonstructural pep�des relevant to this study, such as apolipoprotein, perios�n, hemopexin, and gelsolin, 

were also detected. Although the func�ons of many of these pep�des are s�ll not fully understood, all of 

them are men�oned in the context of wound healing. For example, apolipoproteins are lipoproteins with 

many metabolism-related func�ons. Specifically, Apolipoprotein E was shown to correct delayed wound 

healing in Apolipoprotein E-deficient mice [57], and Apolipoprotein A could suppress the growth of 

Escherichia coli and Klebsiella pneumoniae [58]. Perios�n was explored in a mouse wound-repair study, 

where signaling through integrin molecules was shown to promote the prolifera�on and migra�on of 

fibroblasts [59]. Another study detected overexpression of this pep�de in the pericytes of burned skin, 

and its func�on was related to scar forma�on and fibrosis [60]. Gelsolin func�on is related to ac�n 

modula�on and clearance a�er �ssue injury [61]. Administra�on of recombinant gelsolin was reported to 

cause an�oxidant ac�vity in a concentra�on-dependent manner in murine fibroblasts [62]. Also, 

decreased gelsolin plasma concentra�on was associated with increasing burn sizes and the severity of 

sepsis in human pa�ents [63]. Undeniably, more work needs to be performed to iden�fy fish skin pep�des 

with the most crucial biological func�ons relevant to burns and other types of wound repair. 

 

In conclusion, the data from this study uncover some of the poten�al key contributors to fish skin’s healing 

proper�es and the advantages of using fish skin in the treatment of burn wounds. This study’s most 

significant finding is increased angiogenesis with fish skin treatment. The limita�on of this study was the 
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inability to objec�vely assess the wound closure efficacy due to the innate biological constraints of the 

model. This limita�on may have obscured the addi�onal advantages of this treatment and therefore 

warrants exploring the wound-closure speed in a different animal model, such as a pig. It was also difficult 

to maintain equal age-matched male-to-female distribu�on across the treatment groups due to adverse 

responses to the burns by the smaller females (<25 g). Nevertheless, females who completed the study 

were not sta�s�cally different from males in any outcome parameters. More studies need to be 

performed to iden�fy specific components of fish skin and their mechanis�c role in wound healing. Also, 

applica�on to other types of wounds, such as diabe�c wounds, bacterial wounds, an�bio�c-resistant 

bacterial skin infec�ons, or pressure sores, would be interes�ng. Moreover, combining fish skin with stem 

cell treatment would be an exci�ng direc�on to explore. 

 

Supplementary Materials: The following suppor�ng informa�on can be downloaded at: 

htps://www.mdpi.com/ar�cle/10.3390/j�14100512/s1, Figure S1: Schema�c of �lapia skin prepara�on; 

Figure S2: Percent Leukocyte Blood Analysis; Figure S3: The thickness of the skin at the burn-healthy skin 

interface measure on the histological sec�ons; Video S1: Debridement procedure. 
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