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Abstract

Background: There is a high incidence of posttraumatic osteoarthritis (PTOA) after anterior 

cruciate ligament (ACL) injury, and these injuries represent an enormous health care economic 

burden. In an effort to address this unmet clinical need, there has been increasing interest in cell-

based therapies.

Purpose: To establish a translational large animal model of PTOA and demonstrate the 

feasibility of intra-articular human cell–based interventions.

Study Design: Descriptive laboratory study.
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Methods: Nine Yucatan mini-pigs underwent unilateral ACL transection and were monitored for 

up to 12 weeks after injury. Interleukin 1 beta (IL-1β) levels and collagen breakdown were 

evaluated longitudinally using enzyme-linked immunosorbent assays of synovial fluid, serum, and 

urine. Animals were euthanized at 4 weeks (n = 3) or 12 weeks (n = 3) after injury, and injured 

and uninjured limbs underwent magnetic resonance imaging (MRI) and histologic analysis. At 2 

days after ACL injury, an additional 3 animals received an intra-articular injection of 107 human 

bone marrow–derived mesenchymal stem cells (hBM-MSCs) combined with a fibrin carrier. These 

cells were labeled with the luciferase reporter gene (hBM-MSCs-Luc) as well as fluorescent 

markers and intracellular iron nanoparticles. These animals were euthanized on day 0 (n = 1) or 

day 14 (n = 2) after injection. hBM-MSC-Luc viability and localization were assessed using ex 

vivo bioluminescence imaging, fluorescence imaging, and MRI.

Results: PTOA was detected as early as 4 weeks after injury. At 12 weeks after injury, 

osteoarthritis could be detected grossly as well as on histologic analysis. Synovial fluid analysis 

showed elevation of IL-1β shortly after ACL injury, with subsequent resolution by 2 weeks after 

injury. Collagen type II protein fragments were elevated in the synovial fluid and serum after 

injury. hBM-MSCs-Luc were detected immediately after injection and at 2 weeks after injection 

using fluorescence imaging, MRI, and bioluminescence imaging.

Conclusion: This study demonstrates the feasibility of reproducing the chondral changes, intra-

articular cytokine alterations, and body fluid biomarker findings consistent with PTOA after ACL 

injury in a large animal model. Furthermore, we have demonstrated the ability of hBM-MSCs to 

survive and express transgene within the knee joint of porcine hosts without immunosuppression 

for at least 2 weeks.

Clinical Relevance: This model holds great potential to significantly contribute to 

investigations focused on the development of cell-based therapies for human ACL injury–

associated PTOA in the future (see Appendix Figure A1, available online).

Graphical Abstract

Keywords

biology of cartilage; knee articular cartilage; ACL; stem cell therapy; posttraumatic osteoarthritis

Anterior cruciate ligament (ACL) injury is one of the most common soft tissue injuries to 

the knee. It is highly prevalent in patients aged 15 to 45 years, affecting 1 of 1750 people in 

this age group, with most patients being <30 years of age.18 It has been estimated that an 

ACL rupture ages the knee by 30 years.14,34 The incidence of posttraumatic osteoarthritis 
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(PTOA) has been reported to be as high as 87%14; however, on average, 50% of individuals 

with an ACL injury will develop radiographic osteoarthritis (OA) approximately 10 to 20 

years after ACL or meniscal injury.26 To date, there is no effective intervention, including 

the restoration of mechanical stability via ACL reconstruction, to prevent PTOA associated 

with ACL injury.28 In addition to the clinical morbidity associated with PTOA, the high 

incidence of OA in this relatively young population presents significant long-term financial 

challenges to health care systems. In fact, it has been estimated that innovations in the 

treatment of ACL injuries that result in a decreased relative risk of radiographic knee OA by 

just one-fourth of its current value would save the United States $460 million annually.35 

Thus, PTOA after ACL injury represents an enormous unmet clinical need in our society 

and, as a result, is a highly active area of research worldwide.

Translational animal models of this human disease are fundamental to this line of research. 

Although the possibility of genetic manipulations for mechanistic in vivo studies is a distinct 

advantage of murine animal models, rodent models of cartilage disease often lack a high 

degree of translational potential owing to these animals’ intrinsic regenerative potential as 

well as the small scale and low physiologic demand of their anatomy.10 As a result of the 

larger-caliber knee joint and the high prevalence of naturally occurring ACL injuries in dogs, 

the canine ACL injury model gained popularity as a large animal translational model of 

degenerative joint disease. One reason for this was the increased posterior tibial slope 

(~24°)5 of the canine tibia relative to humans, which causes abnormal biomechanical 

properties likely contributing to accelerated progression of degenerative joint disease. The 

canine model does, however, have 2 significant limitations: cartilage thickness significantly 

less than that of humans and ethical considerations.10 As a result, protocols proposing 

canine animal models fall under greater Institutional Animal Care and Use Committee 

scrutiny than other similarly sized animals.10 As an alternative to canine models of ACL 

injury, porcine models offer several advantages. The large-caliber, translationally relevant 

porcine knee is also noted to have an increased posterior lateral tibial slope (~35°).23 

Moreover, sex-specific anatomic differences among porcine knees have been validated to be 

comparable with sex-specific knee findings among humans.23 In addition, the cartilage of a 

porcine knee is thicker than that of canine knees and thus more closely resembles the 

thickness of human cartilage.10 This feature allows for the study of partial-thickness 

cartilage loss, which is a finding commonly observed with the development of human 

PTOA.10 As a result, porcine models constitute a highly translational model for the study of 

PTOA after ACL injury.

The development of late-phase OA in the injured joint is thought to be the result of 

inflammation that is initiated in response to an injury combined with the long-term changes 

in dynamic joint loading.33 Interleukin 1 (IL-1) is the dominant cytokine in the joint that 

appears to trigger the development of early OA, and overexpression of IL-1 alone can 

initiate the development of arthritis in vivo.28 Furthermore, IL-1 beta (IL-1β) levels in the 

human knee have been shown to increase acutely after ACL injury and then normalize to 

physiologic levels about 2 weeks after injury.7 Thus, monitoring IL-1β levels after ACL 

injury is an essential component of evaluating the physiologic state of an injured knee joint.
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At a time when biologic therapies of musculoskeletal injuries are expanding exponentially, 

cell-based therapeutic interventions have garnered a considerable amount of attention. These 

cell-based therapies include minimally manipulated cells that are already being implemented 

clinically, as well as transgenic cells being used investigationally as drug delivery vehicles. 

In either case, the translational potential of cell-based therapies holds great promise.

Therapeutic cells can be labeled using a variety of techniques, including fluorescent dyes,
11,36,42,43 reporter genes,27 and Food and Drug Administration (FDA)–approved iron oxide 

nanoparticles.27,54 It is also possible to combine these approaches, as has been shown in the 

detection of labeled cancer cells with an FDA-approved iron oxide nano-particle, Feraheme 

(FH; ferumoxytol), combined with the near-infrared fluorescent dye indocyanine green 

(ICG). On the basis of these previous observations, we speculated that the labeling of human 

mesenchymal stem cells (MSCs) with FH(ICG) nanoparticles, the fluorescent dye DiI, and 

the luciferase reporter gene (Luc) would allow for the detection and monitoring of 

therapeutic cells in a large animal model using magnetic resonance imaging (MRI), 

fluorescence imaging, and bioluminescence imaging.

In this investigation, we describe a novel technique for the percutaneous intra-articular 

delivery of transgenic human MSCs in the setting of a porcine model of PTOA after ACL 

injury. We hypothesized that transection of the ACL in porcine knees would lead to 

degenerative changes analogous to those observed in human PTOA several years after ACL 

injury. Furthermore, we hypothesized that xenogeneic MSCs would not only be viable but 

also express transgenic proteins within the injured knee joint for at least 2 weeks after 

percutaneous implantation (Table 1).

METHODS

Study Design

The aim of this study is to develop a valuable model of PTOA in large animals to study cell 

therapy–based interventions shortly after an ACL injury. The ACL injury was simulated by 

transection of the ACL in the right knee of 9 mini-pigs using an open surgical approach. 

Animals in group 1 (n = 6) were monitored for OA formation by sampling body fluids 

(synovial fluid from the injured and contralateral uninjured knee joints, venous blood, and 

urine) for OA biomarkers on weeks 1, 2, 4, 8, and 12 after ACL injury. IL-1β levels were 

also measured in the synovial fluid, serum, and urine using an enzyme-linked 

immunosorbent assay (ELISA). Collagen breakdown was determined using an ELISA for 

collagen type II fragments in the serum, synovial fluids, and urine of study animals. Animals 

were euthanized at 4 weeks (n = 3) or 12 weeks (n = 3) after injury, and their injured and 

uninjured limbs were harvested for MRI, followed by gross and histologic analysis of the 

knee joints. To estimate the survival of xenogeneic human cells, human bone marrow 

(hBM)–MSC-Luc constructs were labeled with multiple cell-tracking techniques, 

resuspended in fibrin gel, and percutaneously injected under fluoroscopic guidance into the 

injured knee joint of a second group of animals (group 2; n = 3) 2 days after the ACL injury. 

One group of 1 animal was sacrificed on day 0 after the injection to assess the ability of the 

bioluminescence imaging system to detect viable cells inside a porcine knee. The remaining 

animals (n = 2) were euthanized 14 days after cell delivery (16 days after ACL injury) for 
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assessment of cell viability and localization within the knee joint using bioluminescence 

imaging, fluorescence imaging, and MRI.

ACL Injury Model

All animal procedures were approved by the Cedars-Sinai Medical Center Institutional 

Animal Care and Use Committee (007984) and conducted in accordance with Animal 

Research: Reporting of In Vivo Experiments (ARRIVE) guidelines.24 Nine 6- to 8-month-

old female Yucatan mini-pigs (S&S Farm) weighing 30 to 35 kg at the time of surgery were 

included in this study. Animals were housed in group (pen with an average size of 3–5 m2 

equipped with environmental enrichment) for a minimum of 1 week before enrollment in the 

study. The comparative medicine husbandry staff provided food twice daily and water at all 

times.

Animals were fasted for approximately 18 hours before the surgical procedure. Each mini-

pig was sedated with intramuscular acepromazine (0.25 mg/kg), ketamine (20 mg/kg), and 

atropine (0.02–0.05 mg/kg), followed by intravenous propofol (2 mg/kg). Animals were 

intubated, and anesthesia was maintained using 1.0% to 3.5% inhaled isoflurane for the 

duration of the surgical procedure. The animals were kept warm during the surgical 

procedure by using a Bair Hugger (3M) to prevent unintended hypothermia. An open 

midline approach was used for each animal’s right knee, followed by a medial parapatellar 

arthrotomy. The ACL was transected at its tibial and femoral attachments and excised. The 

surgical site was closed in layers, and a sterile dressing was applied. Animals were housed 

individually or in pairs in adjacent pens for up to 12 weeks after surgery. The animals were 

monitored by comparative medicine clinical staff daily for any pain and distress.

Fluid Collection and Biomarker Assessment

The animals were sedated and intubated, and anesthesia was maintained using 1.0% to 3.5% 

inhaled isoflurane as described earlier for the duration of the specimen collection 

procedures. Synovial fluid from contralateral uninjured knee samples was collected at 

baseline (the time of the surgical ACL transection of the injured knee). However, the first 

collection of synovial fluid from the injured knee was performed at 1 day after injury. 

Subsequent samples of blood, urine, and synovial fluid for the contralateral uninjured knee 

and injured knee were then collected at 1, 2, 4, 8, and 12 weeks after injury. Synovial fluid 

was collected percutaneously from each knee using a sterile technique via a 20-mL syringe 

and 18-guage 1.5-inch needle (Becton, Dickinson and Company). The resultant synovial 

fluid was transferred to a sterile 15-mL tube, aliquoted, and stored at −80°C for future 

protein analysis. Approximately 16 mL of whole blood was collected percutaneously from 

the cranial vena cava using a sterile technique at each time point. These blood samples were 

then centrifuged at 2000g for 15 minutes to isolate serum. Serum was then vortexed, 

aliquoted into new tubes, and frozen at −80°C. After pigs had recovered from anesthesia, 

their urine was collected and kept on ice, to be later aliquoted and stored at −80°C.

Quantification of IL-1β cytokine levels in synovial fluid, serum, and urine was done using a 

porcine IL-1 beta/IL-1F2 Quantikine ELISA Kit (PLB00B; R&D Systems). To determine 

the presence of cartilage tissue breakdown in fluid samples, a C-telopeptide of type II 
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collagen ELISA kit was used (MBS777608; MyBioSource). For IL-1β and type II collagen 

assays, samples were allowed to thaw at room temperature and were not diluted when the 

assays were performed. Standard curves were performed in accordance with the standard 

values indicated by the manufacturer of the ELISA kits. All data sets were exported to 

Excel, and concentrations were calculated using interpolation in Prism 8 software 

(GraphPad).

hBM-MSC Isolation

The Cedars-Sinai Medical Center Institutional Review Board approved this study, and any 

limited participation of humans was with their informed consent. Donors were enrolled: men 

and women aged between 30 and 50 years without any malignancy, metabolic disorder, or 

infectious disease. Isolation of hBM-MSCs was performed as previously described.3,36,46 

Briefly, hBM was recovered from trabecular bone samples obtained from patients 

undergoing corrective orthopaedic surgery. The hBM-containing trabecular bone sample was 

flushed with phosphate-buffered saline. After the whole hBM had been collected, it was 

centrifuged at 900g for 10 minutes. The pellet was resuspended in 40 mL of phosphate-

buffered saline, after which it was layered on lymphocyte separation medium (ICN 

Pharmaceuticals) and centrifuged at 900g for 30 minutes at 30°C without a break. 

Mononuclear cells were collected and washed once with phosphate-buffered saline, after 

which they were recovered by centrifugation for culture expansion. The mononuclear cells 

were plated in tissue culture dishes at a density of 10–15 × 106 cells per 100-mm culture 

dish at 37°C in 5% CO2/95% air. The medium was changed after 72 hours and again every 3 

to 4 days. Between days 14 and 16, the cells were detached by incubating them with 0.25% 

trypsin–EDTA for 5 to 10 minutes. The cells were replated at a density of 5 × 104 cells/cm2 

and expanded for 4 passages.

hBM-MSC Labeling With Reporter Gene

hBM-MSCs were transduced with a lentiviral vector harboring Luc under the constitutive 

ubiquitin promoter to allow for in vivo imaging of cells as previously reported.25,27,44,45,49 

Stable transfection of hBM-MSCs-Luc and constitutive expression of Luc were validated by 

performing quantitative bioluminescence imaging over 6 passages as previously described.49 

No significant change (P > .05) in Luc expression was found in subsequent passages, 

indicating that bioluminescence imaging could be used to track hBM-MSCs-Luc in vivo.

FH(ICG) Synthesis, Cell Labeling, and Preparation for Implantation

The cells were then labeled with FDA-approved FH nanoparticles combined with ICG. This 

FH(ICG) combined molecule was shown to be detectable using fluorescence and MRI 

without affecting a cell’s biological properties.31 FH(ICG) was prepared using a previously 

published mixing method.40 Briefly, FH was purchased from AMAG Pharmaceuticals. ICG 

and phosphate-buffered saline were purchased from Fisher Scientific. Deionized water was 

prepared using a Milli-Q reverse osmosis system (MilliporeSigma). Briefly, ICG was 

dissolved in deionized water at 10 mg/mL, and 3 mL of the ICG solution was added to 3 mL 

of FH (30 mg/mL, iron). The FH(ICG) solution was mixed briefly and then diluted with 

phosphate-buffered saline to a 10-mg/mL iron concentration. FH(ICG) was stored in the 

dark at 4°C and used for up to 28 days after initial preparation. MSCs were treated overnight 
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with FH(ICG) (100 µg/mL, iron). After overnight treatment, cells were washed with 

phosphate-buffered saline and collected for implantation. Before implantation, the cells were 

also labeled with the lipophilic membrane dye DiI as previously reported.11,36,42,43 For the 

injection procedure, 107 cells were resuspended in 500 µL of fibrin gel (TISSEEL; Baxter 

Healthcare Corporation) as previously reported.36,37,42,45,47,48 Briefly, to slow the gelling 

process and to allow for an exact amount of cells to be injected, the thrombin solution was 

diluted 1:1 with sterile normal saline. Fibrinogen solution with resuspended cells was then 

mixed with the diluted thrombin solution using pipettes immediately before the intra-

articular injection procedure. Using a sterile technique, 500 µL of the cells-fibrinogen-

thrombin mixture was then loaded into a 1-mL syringe. While the animal was appropriately 

anesthetized, an 18-gauge needle was used to inject sterile radi-opaque dye into the affected 

knee joint under fluoroscopic guidance using a separate syringe. After confirmation of 

appropriate needle placement. The 18-gauge needle was kept in the joint space, and the 1-

mL syringe (with cells resuspended in fibrin gel solution) was attached to it, maintaining the 

sterile technique. This allowed for the percutaneous injection of cells and fibrin gel into 

porcine knees under fluoroscopic guidance 2 days after the surgically created ACL injury.

Tracking-Injected MSCs

To image the cells using optical imaging, the pigs were euthanized in compliance with the 

2019 guidelines of the American Veterinary Medical Association. In brief, while the animal 

was under general isoflurane gas anesthesia, commercially available euthanasia solution (1 

mL per 4.5 kg of body weight) was administered intravenously. Death was confirmed by 

identifying complete cessation of heartbeat by stethoscope auscultation and/or anesthetic 

monitoring equipment reading (electrocardiogram, pulse oximeter). The limbs were then 

harvested via transection at the level of the proximal femur, and intact knee joints were 

injected with luciferin solution (50 mg in 400 εL) mixed with contrast agent in a 1:1 ratio 

under fluoroscopic guidance to ensure appropriate delivery of luciferin solution into the joint 

space. Images were then acquired using the IVIS Spectrum Bioluminescence system (Perkin 

Elmer) approximately 10 minutes after luciferin injection. Fluorescence imaging was 

performed using the far-red and red wavelengths to also detect DiI and ICG fluorescent 

probes, respectively. MRI studies of FH(ICG)-labeled cells within the joint space were also 

performed.

MRI of Injured and Uninjured Knees

After euthanasia, the injured and contralateral knee joints were harvested via transection at 

the proximal femur. All knee joints were imaged in a 3-T clinical magnetic resonance 

scanner (Prisma; Siemens Healthcare) equipped with a dedicated 18-channel knee coil. Pig 

limbs were oriented in the supine position with the coil centered on the knee. The MRI 

protocol consisted of localizer, T1-weighted spin echo, and T2-weighted fast spin echo 

sequences for each knee in the axial, coronal, and sagittal planes per the following 

parameters: a repetition time of 4000 milliseconds, an effective echo time of 70 

milliseconds, and a field of view of 112.5 × 150 mm with a matrix of 288 × 384, yielding an 

in-plane resolution of 391 µm × 391 µm × 3-mm slice resolution. Total scan time was 

approximately 40 minutes for each knee. The resultant images were reviewed by a 
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fellowship-trained musculoskeletal radiologist who was blinded to the injured and uninjured 

knees.

Histologic Analysis

Gross and histologic evaluations of the joint cartilage were performed at 4 or 12 weeks after 

injury, as previously described.39,48,52 Briefly, the knee joints of study animals were 

harvested using an orthopaedic saw and grossly inspected for the percentage of joint surface 

noted to be pathologic. The samples were then fixed in 4% formalin for 72 hours, decalcified 

using trichloroacetic acid (TCA) 6% solution for 3 to 4 weeks, dehydrated, and embedded in 

paraffin. Tissue sections were cut at a thickness of 5 mm and subsequently stained using 

hematoxylin and eosin and safranin O.45 Representative histologic sections were reviewed 

by a blinded examiner (T.J.K.) and assigned a grade and a stage, which were used to 

calculate the Osteoarthritis Research Society International (OARSI) score as previously 

described.39

Statistical Analysis

All statistical analyses were performed using Prism 8 (GraphPad); P < .05 was considered 

statistically significant. The outcome measurements were level of protein expression 

measured by ELISA, bioluminescence imaging signal, MRI, and histology. To minimize 

interanimal variability, changes of the normalized results with time within and across 

experimental groups were analyzed. Two-way analysis of variance was performed separately 

for each dependent outcome measure using mean values; Tukey post hoc test was used for 

multiple comparisons. In Figures 1 and 4, results are presented as mean values, and bars 

indicate standard deviations.

RESULTS

Inflammatory and OA Biomarker Analysis

To monitor the development of the inflammatory milieu after ACL injury, we examined the 

expression of a major marker of inflammation within the joint space, IL-1β, in the synovial 

fluid, serum, and urine. Synovial fluid analysis showed temporary elevation of IL-1β 1 week 

after the injury as compared with the contralateral knee; however, by 2 weeks after injury, 

IL-1β levels were not significantly different from those of the contralateral knee (Figure 

1A). The presence of IL-1β in the contralateral knee synovial fluid was negligible and did 

not change throughout this investigation. In the serum, IL-1β was elevated shortly after the 

surgery, followed by a downward trend over the first 4 weeks of the study (Figure 1B). 

However, in the urine, very low levels of IL-1β were detected in the first 4 weeks after 

surgery, and these levels tended to increase on week 8. By 12 weeks after surgery, IL-1β 
levels in the urine were significantly increased (Figure 1C).

Increasing levels of type II collagen were found in the synovial fluid on weeks 4 and 8 as 

compared with contralateral knees. In the serum, there was a statistically significant 

elevation of the detected collagen fragments at 4 weeks after surgery, indicating the slow 

breakdown of the articular cartilage extracellular matrix during this period (Figure 1E). 

However, the level of detected type II collagen was decreased toward the end of the 
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experiment by week 12. This trend was also reflected by the urinary clearance of the type II 

collagen that was detected during this same period (Figure 1F).

MRI Evaluation of Injured and Uninjured Knees

Upon review of the MRI by a fellowship-trained musculoskeletal radiologist, there were no 

appreciable cartilage abnormalities identified in any of the knee compartments of our study 

animals, even at 12 weeks after ACL injury (n = 3 animals, 6 knees in total). This included 

injured and uninjured knees. A representative MRI scan of an uninjured knee and injured 

knee is shown in Figure 2.

MSC Tracking Using Optical Imaging and MRI

To explore the feasibility of MSC therapy in this model, we tested if human MSCs can 

survive and be detected within the porcine knee joint. At 2 days after the ACL transection 

procedure, hBM-MSCs containing Luc construct cells were injected into the injured knee 

joint of study animals under fluoroscopic guidance with the addition of an Omnipaque 

contrast agent (Figure 3A). The reporter gene–labeled cells were detected using 

bioluminescence imaging immediately after injection of cells (Figure 3B) and at 2 weeks 

after injection (Figure 3E). The cells were also detected with fluorescence imaging (Figure 

3, C and D) and MRI (Figure 3F). The signal from both florescent markers (DiI and ICG), 

bioluminescence imaging (Luc), and MRI (FH) all colocalized with the site of previous 

intra-articular injection, indicating that these cells were localized well on fluoroscopic 

guidance and survived within the injured joint space for 2 weeks in vivo.

Gross Anatomy Images and Histologic Analysis

Signs of OA formation could be detected as early as 4 weeks after ACL transection and were 

more profound at 12 weeks. After 12 weeks, a prominent OA phenotype could be detected 

upon gross inspection (Figure 4A) and on histology using hematoxylin and eosin (Figure 

4B) and safranin O (Figure 4C) stains. OARSI scoring of the tibial and femoral cartilage 

demonstrated significant differences between the contralateral, uninjured control knees and 

the injured knees at 12 weeks after injury at the femur and the tibia (P < .001) (Figure 4, D 

and E).

Of note, at 2 weeks after the injection of cells and fibrin gel, there was no appreciable fibrin 

gel product on gross inspection of the joint via open arthrotomy. In addition, no adverse 

events were noted at any time point among the animals included in these experiments.

DISCUSSION

The purpose of this study was to characterize a porcine model of PTOA and describe a novel 

technique for the percutaneous intra-articular delivery of transgenic human MSCs in the 

setting of a translational porcine model of PTOA after ACL injury. Our results demonstrate 

that transection of the ACL in porcine knees leads to cartilage degeneration and intra-

articular cytokine changes analogous to those observed in human PTOA. Furthermore, we 

have characterized the early biomarker profiles of these changes in synovial fluid, serum, 

and urine in our porcine model. In addition, we have shown that xenogeneic MSCs are 
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viable within the injured knee joint for at least 2 weeks after percutaneous implantation and 

that these viable cells continue to express transgenic proteins.

Other groups have characterized porcine models of PTOA and have shown that the cartilage 

changes observed in this translational model mimic those observed in human PTOA after 

ACL injury.50,56 Wei et al56 demonstrated progressive gross chondral changes and 

progressive loss of glycosaminoglycan content in the cartilage of injured pigs when followed 

for 6 weeks after ACL transection. In addition, these cartilage matrix changes correlated 

well with cartilage signal alterations detected on quantitative dGEMRIC MRI. Sieker et al50 

noted glycosaminoglycan content changes in the cartilage of porcine knees at 4 weeks after 

ACL transection. The authors also characterized the molecular changes occurring after ACL 

injury in their porcine model, noting a multitude of RNA expression changes induced by 

ACL transection. These RNA expression changes included genes that have a well-

established role in the development of human PTOA.50 These studies corroborate our 

findings of progressive glycosaminoglycan content loss in the cartilage matrix of porcine 

knees after ACL transection (Figure 4C), and as is important in any animal model of human 

disease, these changes are a known feature of human PTOA.38

Multiple studies have tried to assess the survival of exogenous MSCs in a large animal 

model. Although in vivo imaging can be easily used to track cells in small animals,6,45,49 in 

vivo imaging in large animals has largely been limited to nanoparticle-labeled MSCs tracked 

via MRI15,27 (Figure 3F). The disadvantage of this labeling system is that the signal will 

persist even after the cells have died or been phagocytosed by local macrophages.2 In our 

study, we have demonstrated the detection of cells labeled with dyes that integrate into the 

cell membrane (Figure 3C), which allows for the eventual identification of retained 

exogenous cells on histology.42,43,49 However, these membrane-labeled cells cannot 

currently be tracked in vivo over time, and the detection of signal from these membrane dyes 

does not confirm cell viability.6 The detection of Luc activity (Figure 3E), however, does 

demonstrate cell viability while providing localization data. As a result, in this study, to 

provide in vivo evidence of transgenic cell localization and demonstrate the sustained 

viability of these cells, we used a combination of in vivo and ex vivo imaging techniques. 

While we do not suggest this approach as a routine method for longitudinal monitoring of 

therapeutic exogenous cells, this combination of imaging techniques does demonstrate the 

feasibility of exogenous MSC survival and transgene expression within the joint 

environment for at least 2 weeks after percutaneous implantation.

Numerous other investigators have reported their results with regard to the intra-articular 

delivery of MSCs in the treatment of OA, PTOA, or cartilage defects in large and small 

animal models as well as in human clinical trials; however, the majority of these studies have 

evaluated only the therapeutic effects on cartilage rather than demonstrating survival of these 

intra-articularly injected cells.22,29,30,53,55,59 Furthermore, most of the injected MSCs in 

these studies were naïve MSCs or induced toward a chondrogenic fate rather than being 

transgenic cells. Similar to our study, Khatab et al22 investigated the effect of intra-articular 

delivery of human MSCs in an immunocompetent murine model of OA. Although the 

authors did not evaluate the survival of these human MSCs within the joint space, they were 

able to demonstrate reduced pain and decreased cartilage damage among animals treated 
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with human MSCs as compared with controls. Yang et al58 characterized the biodistribution 

and distant major organ effects (ie, an assessment of toxicity and off-target effects) of 

murine MSCs delivered intra-articularly using a murine model of rotator cuff tear. Although 

the therapeutic cells in this study were not xenogeneic or transgenic cells and the intra-

articular delivery of therapeutic cells in the setting of a supraspinatus repair is quite different 

than that in a knee joint (which has undergone a multilayered closure after arthrotomy), 

Yang et al did provide evidence that therapeutic MSCs can be cleared in vivo via the renal 

and gastrointestinal systems and that these cells exhibit no apparent inflammatory effects or 

toxicity on distant major organs. While the authors were able to detect these labeled cells in 

vivo for up to 4 weeks after implantation, the biocompatible quantum dot–labeling approach 

used in this study does not necessarily reflect living cells. Unfortunately, resident 

macrophages can harbor these exogenous metallic nanoparticle markers after phagocytosis 

of nanoparticle-labeled apoptotic cells.27 To our knowledge, our study is the first to 

demonstrate the intra-articular survival and transgene expression of human cells in a large 

animal model. As a result, this model constitutes an excellent approach for translational 

investigations of therapeutic MSCs in the setting of PTOA after ACL injury.

Animal models of PTOA demonstrate that the inflammatory cascade plays a critical role in 

the development of articular cartilage degradation.16,17,32 This cascade is mediated by 

inflammatory cytokines that activate catabolic biologic agents. Previous studies detected 

matrix metalloproteases and interleukins as major players that mediate this process within 

the knee joint.20,32,51 In this study, we chose to measure IL-1 levels because IL-1 is thought 

to be a major component of the inflammatory cascade and subsequent catabolic response 

within the joint space after ACL injury. IL-1 alpha (IL-1α) has been shown to decrease 

chondrocyte viability and proliferation in vitro.41 Furthermore, overexpression of IL-1β 
alone has been shown to induce joint degradation in vivo,16 whereas intra-articular delivery 

of soluble IL-1β receptor molecules, acting as a competitive inhibitor of IL-1, can 

significantly reduce cartilage matrix degradation in animal models of arthritis.17 Irie et al21 

reported IL-1β levels rising abruptly in the human knee after ACL injury and then returning 

to baseline levels approximately 1 week after injury. This is concordant with the data in our 

porcine model, which showed an almost immediate response and peak of IL-1β in the knee 

joint after ACL injury, followed by resolution of this IL-1 elevation by 1 to 2 weeks after 

injury (see Figure 1A). Catterall et al9 observed that IL-1β protein levels in human knee 

synovial fluid were much higher than IL-1β levels in the serum after ACL injury. In 

addition, these authors reported an increase in type II collagen levels in the synovial fluid of 

human knees between about 2 and 8 weeks after ACL injury.9 These findings corroborate 

our results, where mean IL-1β levels were >10-fold higher in the synovial fluid as compared 

with serum after ACL injury in our study animals and where intra-articular type II collagen 

levels also increased in these animals between 2 and 8 weeks after ACL injury. This 

recapitulation of the intra-articular cytokine and biomarker profile changes observed in 

humans after ACL injury provides evidence in support of this porcine model as being a 

robust animal model of human acute ACL injury.

In this study, we observed that IL-1 levels in the urine increased at 8 and 12 weeks after 

injury. One explanation for this is the high likelihood of ongoing instability. The increased 

posterior slope of the porcine tibial plateau combined with ACL insufficiency presumably 
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leads to recurrent instability, as the animals participate in various activities, such as running, 

walking, and interacting with caregivers throughout the course of this study. Thus, there will 

be acute mechanical joint injuries and the associated biologic responses occurring over a 

background of chronic biologic changes in response to the index injury. As a result, it is 

assumed that these elevated IL-1 levels at weeks 8 and 12 after injury are due to recurrent 

instability episodes also known as acute on chronic disease.

Standard magnetic resonance sequences obtained in our study using a clinical-grade 3-T 

machine demonstrated no significant cartilage signal intensity alterations up to 12 weeks 

after ACL injury. It should be noted that this observation is consistent with clinical findings 

in humans, where there are also typically no detectible magnetic resonance signal intensity 

changes noted in the knee cartilage of humans with ACL injury even a few years after the 

initial injury. This observation is likely due to a lack of sensitivity of current standard 

clinical MRI sequences reflecting an inability to detect minor cartilage abnormalities that are 

clinically occult. Although others have reported an ability to detect early cartilage matrix 

changes in a porcine model after ACL injury,56 these studies used highly specialized 

quantitative MRI techniques, such as dGEMRIC. Unfortunately, given the FDA black box 

warning on gadolinium contrast agents and the limited availability of clinical magnetic 

resonance arthrogram resources, these specialized image acquisition techniques are not 

particularly practical in the clinical setting at this time. Thus, future studies of more 

specialized cartilage-sensitive sequences, such as T1ρ,19,57 will likely be an important next 

step in our ability to noninvasively evaluate early cartilage injury in humans.

One feature that distinguishes our study from other studies of PTOA after ACL injury is our 

observation that transgenic human MSCs can be detected in the porcine knee up to 2 weeks 

after percutaneous implantation, as evidenced via intra-articular localization of labeled cells 

using optical imaging and MRI. Survival of these cells is confirmed by the detection of 

bioluminescence that reflects the active expression of Luc reporter gene. This finding 

demonstrates excellent therapeutic potential for several reasons. The survival of MSCs after 

percutaneous injection into the joint in combination with clinical-grade fibrin glue 

demonstrates significant translational prospects. Fibrin glue is currently readily available for 

human applications and has a strong track record of being successfully applied clinically to 

support cell-based therapies within the human knee joint.8,12,13 Fibrin glue is the 

recommended product used to facilitate matrix-induced autologous chondrocyte 

implantation, a cartilage restoration therapy approved by the FDA for use in humans. In 

addition, the ability to use human cells rather than nonhuman cells for efficacy experiments 

in this porcine model increases the translational potential of this approach. If we can 

optimize the therapeutic efficacy of these human cells expressing therapeutic transgenic 

proteins, effectively using these cells as transient drug delivery tools, this will greatly 

facilitate the progression of this approach along the late translational pathway toward 

clinical trials. Furthermore, the timing of altered cytokine levels (eg, IL-1β) in the human 

knee joint after ACL injury coincides well with the duration of our observed exogenous 

MSC survival in the porcine knee joint. Specifically, IL-1β protein levels in the synovial 

fluid of the human knee have been shown to rise and then normalize over a duration of 

approximately 2 weeks.21 The exogenous MSCs in our study exhibited transgene expression 

at 2 weeks after implantation. Thus, our model provides an excellent approach to evaluate 
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potential therapies utilizing transient expression (including expression induced via nonviral 

mechanisms) of a therapeutic transgene in a translationally relevant large animal model. 

Finally, the survival of xenogeneic MSCs in the joint space of an immunocompetent large 

animal in our model indicates that human MSCs likely have immunomodulatory properties, 

which implies that allogenic human MSCs may be a viable “off the shelf” clinical treatment 

approach to treating these injuries in humans in the future (ie, allogenic human MSCs may 

also be able to avoid an immune response within the human knee).

This study does raises questions regarding the mechanism by which human cells remain 

viable within a porcine host. One explanation for how xenogeneic cells could survive within 

the intra-articular environment is that the joint space is relatively immunologically 

privileged. However, if this is the case, in our model, the joint has experienced an injury, and 

as a result, the joint environment is enriched with inflammatory cells. Therefore, a more 

likely explanation is based on evidence to suggest that MSCs secrete biologic factors that 

allow these cells to avoid immune surveillance.1,4,6

Also noteworthy is the fact that pilot experiments where hBM-MSCs-Luc were injected into 

the knee joint space without fibrin gel did not result in the detection bioluminescence or 

fluorescence signals ex vivo. Possible explanations for this include a lack of cell survival 

related to a lack of requisite adhesion molecule or cytoskeletal signaling (ie, some form of 

mechanotransduction) or the inability of our imaging approach to detect cell densities below 

a certain threshold (ie, cells dispersed throughout the joint do not generate sufficient 

bioluminescence or fluorescence signal in comparison with clustered cells). We previously 

used the fibrin gel for cell delivery and to prevent the cells from disseminating diffusely.
36,42,45,47,48 Although in this study we did not expect the cells to differentiate into a specific 

tissue type or regenerate any tissue defects, their localization within a particular region of the 

joint may contribute to their survival and our ability to follow their viability using 

bioluminescent imaging.

By combining in vivo and ex vivo imaging with the quantification of bodily fluid biomarkers 

in this porcine model, we have provided a more comprehensive perspective on the in vivo 

biologic alterations associated with ACL injuries. The majority of in vivo studies of ACL 

injury report on the expression of inflammatory markers only within the synovial fluid,
20,32,51 whereas in our study we have combined the synovial fluid analysis with an analysis 

of systemic biomarkers in the serum and the urine. As a result, our findings reflect the 

quantification of these secreted factors in the serum as well as their subsequent clearance in 

the urine, and this may provide insight into future clinical studies aimed at noninvasively (ie, 

without performing an arthrocentesis procedure) assessing the metabolic state of an injured 

joint.

This study does have some noteworthy limitations, many of which are inherent to animal 

models of human disease. First, this is a study of quadrupeds rather than bipedal humans. In 

addition, the number of animals in this model is relatively low. Given that we are just 

demonstrating feasibility in this large animal model, this is a minor weakness. The study 

period was only 12 weeks, and degenerative changes would certainly progress beyond this 

time frame; thus, the data included here are merely a representative sample of the 
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progression of disease in PTOA after ACL injury. The increased posterior slope of the 

porcine knee and lack of ACL reconstruction being performed in our study animals lead to 

persistent knee joint instability that may not reflect the natural history of human ACL injury, 

where the tibial slope is more horizontal and ACL reconstruction is often performed. Despite 

this, Sieker et al50 found that, in their porcine model of ACL injury, RNA expression 

changes in the cartilage were not significantly different regardless of whether ACL 

reconstruction was performed or not.

In conclusion, this study demonstrates the feasibility of reproducing the joint degenerative 

changes, intra-articular cytokine alterations, and body fluid biomarker findings consistent 

with PTOA after ACL injury in a porcine animal model. Furthermore, we have demonstrated 

the ability of human MSCs to survive and express a transgene within the knee joint of 

porcine hosts without immunosuppression. As a result, this model holds great potential to 

significantly contribute to investigations focused on the development of cell-based therapies 

in the future.
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Figure 1. 
Elevation of interleukin 1 (IL-1) and collagen type 2 breakdown products after anterior 

cruciate ligament (ACL) injury in large animal model. Synovial fluid (SF) from both knees 

and blood and urine samples were collected from pigs at various time points after ACL 

transection. The levels of IL-1β were significantly elevated in the first week after surgery in 

the SF of injured knees and serum. In the urine, IL-1 elevation was detected only at 12 

weeks after injury. Cartilage degradation was measured by an assay for type II collagen 

breakdown products (CTX-II) and found to be elevated between 2 and 8 weeks after injury 

in all tested fluids, however, levels decreased at week 12. n = 3. *P < .05. **P <.01. ****P 
< .0001.
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Figure 2. 
Representative T2-weighted coronal images for (A) an uninjured porcine knee and (B) 

injured porcine knee (anterior cruciate ligament transection) at 12 weeks after injury. Note 

that no significant differences in chondromalacia were noted between injured and uninjured 

knees.
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Figure 3. 
Intra-articular hBM-MSCs-Luc tracking using bioluminescence imaging (BLI). hBM-

MSCs-Luc were prelabeled with DiI fluorescent dye and ICG-loaded Feraheme 

nanoparticles. (A) hBM-MSCs-Luc mixed with contrast agent were injected into the joint 

under fluoroscopic guidance. (B) Luciferase activity was visualized using BLI after luciferin 

injection at day 0. Subsequently, the pigs were sacrificed 2 weeks after injection of cells. 

Florescent imaging of the (C) DiI-labeled cells and (D) ICG-conjugated Feraheme 

nanoparticles shows localization of the cells in the knee. (E) BLI signal shows survival of 

cells in the knee for 2 weeks, and (F) the Feraheme-labeled cells can be detected using MRI 

(highlighted by yellow region). Images B-E are overlaid with an artificial virtual image of 

the knee bones for orientation. hBM-MSCs-Luc, human bone marrow–derived mesenchymal 

stem cells–luciferase reporter gene; ICG, indocyanine green; MRI, magnetic resonance 

imaging.
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Figure 4. 
Gross examination and histologic indications for osteoarthritis formation 4 and 12 weeks 

after anterior cruciate ligament (ACL) injury in pigs. (A) Macroscopic views of femoral 

condyles and tibial plateau. Histologic analysis of injured and contralateral uninjured medial 

femoral condyles: (B) hematoxylin and eosin and (C) safranin O. Chondromalacia with 

articular surface disruption and fissures at the medial femoral condyles of pigs at 4 and 12 

weeks after ACL injury (blue arrows). OARSI scoring of chondral damage at the (D) femur 

and (E) tibia. OARSI, Osteoarthritis Research Society International. n = 3. **P < .01.
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TABLE 1

Abbreviations

ACL anterior cruciate ligament

BLI bioluminescence imaging

FDA Food and Drug Administration

FH Feraheme

hBM human bone marrow

ICG indocyanine green

IL-1 interleukin 1

Luc luciferase reporter gene

MRI magnetic resonance imaging

MSCs mesenchymal stem cells

OA osteoarthritis

PTOA posttraumatic osteoarthritis
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