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Abstract
Synovial membrane-derived mesenchymal stem cells (SMMSCs) 

demonstrate high chondrogenic potential in joint injuries, but their early 
dispersion decreases their immunomodulatory and reparative properties. 
This study aimed to evaluate the effect of encapsulated SMMSCs in alginate 
hydrogels on induced chondral lesions in horses. Lesions were surgically 
induced in the talus of fifteen horses treated with PBS, free or encapsulated 
SMMSCs from an allogeneic cell bank. Clinical, orthopedic and synovial 
analyses were performed at baseline and on Days 1, 2, 4, 7 and 14 for 
cytological and biomarker analyses (IL-1, IL-6, IL-10, PGE2, TNF 𝛼, 
INF-Ɣ, IGF, P Substance and SAA). At Day 150, cartilage biopsies 
were performed for macroscopic, histological and immunohistochemical 
analyses. The results were statistically significant when p ≤ 0.05. Lameness 
and articular distention were observed in all horses on Days 1 and 2. There 
was an increase in TNCC and neutrophil count at Day 1 in all groups, 
which was significantly higher in the encapsulated SMMSC group. This 
group also showed an earlier peak of macrophages and lymphocytes. 
There was no significant difference between groups on biomarker 
analysis but between time points for IL-1α, IL-6, INF-Ɣ and SAA in the 
cell groups. The encapsulated SMMSC group also presented significantly 
higher Global Repair Evaluation, histological and immunohistochemical 
scores. Therefore, SMMSCs encapsulated in alginate beads presented 
immunomodulatory capacity, resulting in intensified and premature 
inflammatory reactions and better macro- and microscopic aspects of 
tissue repair than the other groups, providing better outcomes for equine 
tarsus chondral lesions.
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Introduction
Osteoarthritis (OA) is the main cause of lameness in horses, 

leading to poor performance and great economic impact [1]. 
Its pathogenic processes are related to irregular mechanical 
forces, damaging chondrocytes and releasing proteases 
that result in articular hyaline cartilage fibrillation [2,3]. 
Currently, there is no fully successful treatment for chondral 
lesions, so cell-based therapy and tissue engineering can help 
to promote better chondral healing, reduce fibrocartilage and 
increase functional recovery [4].

Therapeutic strategies combining Mesenchymal Stem 
Cells (MSCs) with biocompatible scaffolds and bioactive 
components could better contribute to joint repair. Collagen 
hydrogel patches and hyaline cartilage allografts are 
described as possible scaffolds, providing mechanical support 
to implanted stem cells [4,5], but a search has been made for 
new materials.

Alginate hydrogel is a polysaccharide that can be 
extracted from brown seaweed or produced by bacteria, such 
as Pseudomonas and Azotobacter [6]. Initially, it was used 
for drug encapsulation [7] and recently for enfolding living 
cells in humans, horses, rabbits and rats [8-12].

Although the use of many cell sources has demonstrated 
positive results, synovial membrane-derived mesenchymal 
stem cells (SMMSCs) stand out due to their high proliferation 
capacity, superior chondrogenic potential and easy harvest 
[13-16]. Treatment of OA using MSCs relies on their 
immunomodulatory and paracrine effects, which result in 
decreased lymphocyte activation and release of several 
molecules and growth factors (IL-10, IL 1ra, TGF-β and 
PGE2) involved in the articular repair process [5,17-24].

Despite all the benefits that tissue engineering brings to 
orthopedics, some undesired events remain, such as systemic 
dispersion [25] and decreased cell viability after intra-articular 
injection. Thus, recent studies have used encapsulated stem 
cells in joint injury therapy aiming to protect the cells and 
maintain their viability and capacity for chondrogenic 
differentiation [26].

This study aimed to evaluate the effect of encapsulated 
SMMSCs in alginate hydrogels on induced chondral lesions 
in horses, either in the early inflammatory phase or later in 
chondral healing.

Material and Methods 
Ethical Approval

This study was carried out under approval of the Ethics 
Committee on Animal Use of the Faculty of Veterinary 
Medicine and Animal Science – FMVZ, UNESP (protocol 
n.032/2020), registered in the Brazilian National Council for 
Animal Control and Experimentation - CONCEA (CIAEP n. 
01.0115.2014, 06/05/2014). This seal guarantees the project's 

alignment with the precepts of Law 11,794 of October 8, 
2008, with Decree 6,899 of July 15, 2009, as well as with the 
rules issued by the CONCEA.

Experimental Animals
Fifteen healthy crossbred horses, ranging from 3–8 years 

of age and with a mean weight of 330 kg, participated in 
this study. Inclusion criteria were no history of orthopedic 
issues, absence of lameness (AAEP scale), no signs of 
tibiotarsal joint diseases on physical and radiographic exams 
and baseline synovial fluid cytology < 500 nucleated cells/
μL. The animals were kept at the FMVZ University Farm 
in a semi-intensive breeding system. They were fed with 
Tifton hay, commercial horse feed (1% of body weight) and 
Coast-cross grazing grass. Only one limb from each animal 
was used, randomly chosen to assign the experimental groups 
with five animals each: encapsulated SMMSCs, free SMMSCs 
and PBS control.

Study Design
Chondral lesions were surgically induced in the talus 

medial trochlea of fifteen horses. Animals were treated with 
PBS, free SMMSCs or encapsulated SMMSCs from an allogeneic 
cell bank. General clinical exams, lameness evaluation and 
synovial analysis were performed. Samples were collected at 
baseline and Days 1, 2, 4, 7 and 14 for cytological analysis 
and dosage of biomarkers. At Day 150, cartilage biopsies 
were surgically performed for macroscopic, histological and 
immunohistochemistry analysis (Figure 1).

Clinical Evaluation
General clinical and orthopedic exams were performed 

by two blinded evaluators (CBCV Diplomate - Brazilian 
College of Veterinary Surgery). At baseline, Days 1, 2, 4, 
7 and 14, general clinical (rectal temperature, respiratory 
and cardiac rate, mucosal color and capillary refill time) 
and orthopedic (heat, pain, distention of tibiotarsal joint and 
lameness evaluation [27] in walk/trot on straight line with/
without flexion) exams were performed.

Radiographic Evaluation
Radiographs of the tibiotarsal joint were performed at 

baseline as an inclusion criteria exam. A portable diagnostic 
X-ray unit, Poskon model VET-20BT (50-90kV/8-
20mA), with a Canon digital plate was used. Lateromedial, 
dorsoplantar, dorsolateral-plantaromedial oblique, 
dorsomedial-plantarolateral oblique and flexed lateromedial 
views were captured, and images were stored in a digital 
system for evaluation by two blinded evaluators (ABRV 
Diplomate - Brazilian College of Veterinary Radiology). 
Animals were excluded if they presented radiographic signs of 
OA, such as sclerosis or lysis of subchondral bone, soft tissue 
thickening, joint space narrowing, presence of osteophytes, 
entheseophytes or intra-articular fragments.
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Arthrocentesis
Tibiotarsal arthrocentesis was performed at all-time points 

from the medial pouch, 2 cm distal to the medial malleolus 
of the tibia and caudal to the saphenous vein, using a 30 mm 
× 21 gauge needle and a 5 mL syringe. Synovial fluid was 
collected in tubes with and without EDTA. Samples with 
EDTA were analyzed immediately after collection for protein 
concentration and cytological evaluation, while samples 
without EDTA were centrifuged at 760 g for 10 minutes at 
4°C, and the supernatant was stored in a -80°C freezer for 
joint inflammatory biomarker analysis.

Synovial Fluid Evaluations
Cytological analysis consisted of Total Nucleated Cell 

Counts (TNCCs) in a Neubauer chamber and specific counts 
of neutrophils, macrophages, and lymphocytes in a smear slide 
using Diff-Quik staining. Total protein concentrations were 
measured by refractometry. Inflammatory biomarker analysis 
was based on commercial enzyme-linked immunosorbent 
assay (ELISA) kits for the analysis of IL-1α, IL-6, IL-
10, INF-Ɣ, TNFα (Milliplex Map Kit, Equine cytokine 
EQCYTMAG-93K, EMD Millipore Corporation, Germany), 
Substance P (Horse Substance P, MyBiosource, USA), Serum 
Amyloid A (Horse SAA Elisa Kit – MyBiosource, USA), IGF 
(Horse IGF-1 Insulin-like growth factor MyBiosource, USA) 
and PGE2 (PGE2 Elabscience BIotechnology Inc, USA), 
following the manufacturer’s instructions. Absorbance was 
read at a wavelength of 450 nm.

Cell Harvest and Culture
All SMMSC allogeneic cells were harvested from a 

healthy 3-year-old male American Quarter Horse donor 
and processed as described previously [28]. In short, a 
synovial membrane sample was collected within arthroscopy 
by shaver in a closed filtration system, and cells were 
previously characterized and cryopreserved in a biobank 
of the Cell Therapy Laboratory from FMVZ, UNESP. 
The anesthetic protocol was composed of preanesthetic 

medication (acepromazine 0.05 mg/kg, IM; xylazine 0.5 
mg/kg, IV), induction (diazepam 0.15 mg/kg, IV; ketamine 
2.2 mg/kg, IV) and maintenance (isofluorane vaporized 
in 100% oxygen). Fragments of the synovial membrane 
of both metatarsophalangeal joints were collected with 
Rongeur Ferris Smith tweezers and submitted to successive 
washes with DMEM Knockout®, mechanical separation by 
scalpel blade and enzyme digestion with collagenase type I 
solution (2 mg/mL) diluted in DMEM Knockout® medium 
(Dulbecco’s Modified Eagle’s Medium). The solution was 
homogenized at 37 °C and 5.0% CO2 overnight. The same 
volume of DMEM knockout medium was added to 10% 
heated Fetal Bovine Serum (FBS) and centrifuged at 628 g 
for 10 min. The supernatant was removed, and the culture 
medium was added for further centrifugation. This procedure 
was repeated one more time, and SMMSCs were cultured in 

75 cm2 culture flasks at a concentration of 10 × 104 cells/cm2 
using Knockout® DMEM culture medium with 10% FBS. 
The flasks were kept in an environment-controlled oven at 37 
°C and 5.0% CO2.

Cell Encapsulation
For this study, cells were obtained by random selection 

and cultured until 1x107 SMMSCs were in the third passage 
(P3), according to the described protocol [5,28]. The cells 
were characterized by adherence in the culture plate and 
immunophenotypic characterization by flow cytometry. 
Chondrogenic, osteogenic and adipogenic differentiation 
capacity was verified, confirming multipotentiality. Cells 
express positive markers for CD44, CD90 and CD 105 and 
do not express MHC-II. Cells from the encapsulated SMMSC 
group were resuspended in 1.5% (w/v) sodium alginate. The 
mixture was dripped in a gelling solution of CaCl2 102 mM 
using a 10 ml syringe and a 21 G needle in an infusion pump. 
The drops were maintained within the solution for 10 minutes 
for the crosslinking reaction and capsule formation. Capsules 
were washed three times in 0.15 M NaCl before injection, 
and a final concentration of 1 × 105 cells per capsule was 

Figure 1: Study design from baseline (Day 0), when chondral lesions were surgically created at the medial trochlea talus bone and treatment 
was performed with 1×107 encapsulated SMMSC cells (G1); 1×107 SMMSC-free cells (G2) and 10 mL PBS for the control group (G3) until the 
end when biopsy was performed to allow for macroscopic, histological and immunohistochemistry analysis.
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obtained, with a mean viability of 97,40%, as assessed by the 
Trypan Blue exclusion method in a Neubauer chamber. The 
entire cell preparation procedure was carried out within the 
laminar flow, ensuring an aseptic procedure.

Arthroscopic Procedure and Treatments
At the beginning of the experimental protocol, a chondral 

defect was induced in the middle third of the medial trochlea 
talus bone of fifteen tibiotarsals according to a previously 
described technique [29]. Briefly, a motorized shaver 
drill was used to create a 15 mm diameter and 1.5-3.2 mm 
depth chondral defect (Figure 2), and Ferris-Smith forceps 
were used to remove hyaline and calcified cartilage without 
reaching the subchondral bone.

All treatments were performed immediately after the 
induction of chondral defects in a volume of 10 ml (SMMSC-
encapsulated 1×107 cells; SMMSC-free 1×107 cells and PBS 
control). The capsules were injected through the arthroscopic 
portal with a Levine catheter 20 mm in diameter. Animals 
received a single dose of dipyrone 25 mg/kg intravenously 
and an association of penicillins, with a dose calculated 
by benzathine (30,000 IU/kg, IM), every 72 h, 3 times. 
Additionally, daily dressing was performed with 0.5% 
chlorhexidine digluconate for 15 days after surgery until the 
stitches were removed.

A new arthroscopy procedure with a similar protocol was 
performed after 150 days to observe the macroscopic aspect 
of the chondral surface in situ and to collect a cartilage sample 
for histological analysis and immunohistochemistry.

Histological and immunohistochemistry  Analysis
The cartilage aspect was graded according to the 

International Cartilage Repair Society (ICRS) score, 
which evaluates cartilage repair, lesion edge integration, 
macroscopic appearance and general aspect of the repair 
tissue. This grading was performed on recorded arthroscopy 
images by three blinded evaluators (Diplomate on CBCV 
- Brazilian College of Veterinary Pathology). Chondral 
tissue was harvested and cryopreserved using Tissue-Tek® 

O.C.T.™ compound (Sakura Finetek Europe B.V., Germany) 
for histological evaluation (hematoxylin-eosin and toluidine 
blue staining) according to the O’DRISCOLL histological 
score.

Immunohistochemistry (IHC) was performed according to 
a previously described technique based on the peroxidase and 
3,3'-diaminobenzidine tetrahydrochloride (DAB) method. In 
short, antigen retrieval was performed using citrate buffer 
(pH 6) in a pressure cooker (Pascal®; Dako, Carpinteria, CA, 
USA), and the glass slides were placed into the autostainer 
Dako Cytomation (Pascal®; Dako, Carpinteria, CA, USA) 
platform. Anti-type II collagen antibody was detected using a 
mouse secondary monoclonal antibody (Sigma Aldrich, Saint 
Louis, Missouri, USA) at a 1/200 dilution. Immunologic 
staining was performed using Histofine (414154F, Nichirei 
Biosciences, Tokyo, JP), and the slides were counterstained 
with hematoxylin. The positive control was pulmonary tissue, 
whereas the negative control was made without primary 
antibody.

All samples were evaluated by bright field microscopy 
and graded in a semiquantitative scoring system, where the 
absence of expression was scored as 0; 1% to 25% positive 
staining was graded as 1; 26% to 50% positive staining was 
graded as 2 (weak); 51% to 75% positive staining was graded 
as 3 (moderate); and a score of 4 indicated that more than 
75% of cells were stained (strong).

Statistical Analysis
A normality test was performed using the Kolmogorov–

Smirnov test. In the absence of normality, the Kruskal‒
Wallis test was applied for comparisons between groups at 
the same time points, and the Friedman test was applied for 
comparisons between time points of each group. Tukey’s 
test was performed for comparison between medians using 
Sigmastat 3.5 software when there was significance.

Data regarding treatment response were analyzed by 
general linear model ANOVA (GLM) considering the 
evaluator and the experimental group as constant. In the case 
of significance, mean values were compared by Tukey’s 
test. Descriptive analysis is presented as the mean ± SEM 
or proportion. A significant difference was considered when  
p ≤ 0.05.

Results 
Cell Viability

Just before treatment, the free SMMSC group demonstrated 
a mean count of 1.4×107 and 98,20% viability, whereas 
the encapsulated SMMSC group revealed a mean count of 
1.5×107 and 97,40% viability. This treatment was composed 
of approximately 150 beads with approximately 1x105 cells 
each (Figure 3).

 
Figure 2: (A) Tibiotarsal arthroscopy (talus medial trochlea) before 
induced chondral lesion and (B) after chondral lesion performed at 
baseline (0 h).
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Clinical Exam
Injection of SMMSCs or PBS caused no adverse effects. 

The systemic physical parameters did not vary at any time 
point, remaining within the physiological range for the 
species. Selected joints developed mild to moderate synovial 
effusion and grade 2 lameness at Days 1-2 but returned 
gradually to normal parameters at Day 7.

Synovial Fluid Results
The total nucleated cell count showed a significant 

increase at Day 1 in all experimental groups, with a 
statistically higher count in the encapsulated SMMSC group 
than in the other groups (p=0.047). Although total protein 
also showed higher concentration at Day 1 in all groups, there 
was statistical significance within time points only for cell 
groups (encapsulated p ≤ 0.001 and free p = 0.002), but with 
no difference between groups (Figure 4).

At the differential count, neutrophils presented a 
significant increase at Day 1 in all experimental groups, 
with a significantly higher count in the encapsulated SMMSC 
group than in the other groups (p=0.013). The peak counts 
of macrophages and lymphocytes were different between 
groups in the free SMMSC group (Day 2) compared to the 
other groups (Day 1), showing a chemotaxis delay of these 
cells in the free SMMSC group. There was also a significant 
reduction in the macrophage count of the cell groups at Day 4 
compared to that of the PBS control group (Figure 5).

There was no significant difference between groups 
for any protein biomarker at any time point, despite some 
difference between time points for cell groups (Figure 6  
and 7).

Interleukin concentrations indicated different patterns 
among groups, with significant differences only between time 
points in IL-1α for the encapsulated SMMSC group and IL-6 
for both cell groups, which showed higher concentrations at 
Day 4, later than the PBS control group (Figure 6). Despite 
no significant difference, the IL-10 concentration indicated 
an earlier and higher peak of encapsulated SMMSCs (Day 1) 
when compared to other groups.

Macroscopic Evaluation
Cartilage samples collected 150 days after treatment 

showed different macroscopic appearances among groups: 
the encapsulated SMMSC group demonstrated repair tissue 
similar to normal hyaline cartilage, free SMMSCs showed 
an incongruous cartilage surface joint, and the PBS control 
group still had erosive, irregular lesions, with filling failures, 
chondral defects and fibrosis with unfilled, friable and eroded 
areas. No signs of synovitis, fibrillation or erosion were 
observed in either cell group (Figure 9).

Global Repair Evaluation (GRE) showed significantly 
higher scores for encapsulated SMMSCs than for the PBS 
control. The results of all groups are presented in Table 1.

Histological and Immunohistochemical  Results
Histological analysis indicated different degrees of 

fibrocartilage deposition. However, while the PBS control 
group presented only fibrosis and fibrocartilage with no 
chondrocytes or extracellular glycosaminoglycan matrix, the 
encapsulated and free SMMSC groups demonstrated better 
tissue organization, visible chondrocytes and extracellular 
matrix deposition (Figure 10).

Immunohistochemistry for collagen type II did not 
present significant differences between groups, even though 
encapsulated and free SMMSC treatments showed higher 

 
Figure 3: Equine synovial encapsulated membrane-derived 
mesenchymal stem cells in 1.5% sodium alginate hydrogel. 
(A) Capsules after gelification; (B) Bright field microscopy  
(20× objective lens) showing cell density, viewed as small beads.

Figure 4: Mean cytology and biochemistry values of synovial fluid 
from the three groups over experimental time points: total nucleated 
cell count - TNCC (cells/μL) and total protein - TP (g/dL). There 
was a significant difference in both parameters (TNCC and TP) 
from Day 0 to Day 1 after lesion induction in the cell groups, 
free and encapsulated (p ≤ 0.05), indicating that the peak of acute 
inflammation was higher in the encapsulated SMMSC group than 
in the other groups.
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labeling scores (4 and 3, respectively), in contrast to the score 
of 2 in the PBS control (Figure 10).

Histological scoring of O´DRISCOLL revealed 
significant differences between groups in structural integrity, 
chondrocyte grouping and lateral integration of the tissue 
(Table 2).

Discussion
The maintenance of systemic physiological parameters 

for two weeks after MSC injection reinforces the biosafety 
of this treatment, in agreement with previous studies [10,30].

Transitory lameness was described, associated with 
autologous, allogeneic and xenogeneic bone marrow MSCs 
[10,31] or allogeneic synovial-derived membrane MSCs 
[11], although the absence of lameness was also described 
in autologous bone marrow MSC injection of normal 

equine joints [32]. In the present study, grade 2 lameness 
was observed in all horses at Day 1 and gradually returned 
to soundness at Day 7. Lameness was associated with joint 
distention, showing similar findings to previous studies from 
this research group [11]. We hypothesized that joint distention 
could result from the arthroscopy procedure for creating 
chondral lesions, a subsequent cascade of inflammatory 
events and capsule innervation compression, resulting in 
lameness, as described previously [5].

Cell characterization is a fundamental step for reliability 
and comparison of trials. Our results were similar to others, 

Figure 5: Cytology of synovial fluid of the groups over experimental 
time points: mean differential count of neutrophils, lymphocytes and 
macrophages (cells/μL). Asterisks indicate significant differences 
between groups at one time point (p ≤ 0.05) and hashtags between 
time points.

Figure 6: Mean concentration (pg/ml – y-axis) of IL-1α, IL-6 and 
IL-10 in equine synovial fluid from experimental groups over time 
points (x-axis). Hashtags indicate significant differences between 
time points in the group (p ≤ 0.05).
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Figure 7: Mean concentration (pg/ml – y-axis) of IFNγ and SAA in equine synovial fluid from experimental groups over time points (x-axis). 
These were the only measured proteins that showed differences between time points (hashtag indicates p ≤ 0.05), despite no difference between 
groups.

Figure 8: Mean concentrations (pg/ml – y-axis) of PGE2, IGF, TNF and P in equine synovial fluid from experimental groups over time points 
(x-axis) that did not demonstrate differences between time points or groups.

as SMMSCs presented adherence to plastic, chondrogenic, 
osteogenic and adipogenic differentiation, expression of 
CD44, CD90 and CD105 markers (TSAI, 2014) and did not 
express MHC-II [33,34].

The effects of MSCs in joint disorders have been 
evaluated in many studies, but questions about cell 
dispersion remain. It has been described that only 0.05% 
of cells remained in the joint 7 days after cell injection 
[24,35-37]. To try to reduce cell dispersion, there are 
studies on activated platelet-rich plasma (PRP) and different 

kinds of scaffolds [8,38]. In our experimental conditions, 
SMMSCs maintained high viability and concentration after 
encapsulation in alginate hydrogel (1.5x107 and 97,40%), 
showing the recommended therapeutic cell concentration 
(1-3 × 107) after the procedure [39].

An increase in total protein (TP) up to 5 g/dL was 
observed in both cell groups (encapsulated and free) at 
Day 1, in agreement with what has been demonstrated after 
allogeneic and xenogeneic MSC injections and indicates 
local inflammation [10].
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In this study, it was hypothesized that the encapsulated 
SMMSC group would present a delay in the initial phases of the 
inflammatory process due to the gradual bioavailability that 
the scaffold should provide; however, this was not confirmed, 
as seen in the significantly higher peaks of neutrophils and 
macrophages in this group at Day 1. Although alginate itself 
is considered an inert biomaterial, the calcium used in the 
crosslinking process could exert an immunogenic effect [40]. 
In agreement, a trial demonstrated that alginate capsules 
injected into the mouse peritoneal cavity caused a significant 
increase in inflammatory cells at Days 2, 4 and 7 postinjection 
[41]. The present study did not investigate a group with 
alginate alone (without MSCs), which can be considered a 
limitation of this trial and should be done in further studies to 
evaluate the effect of alginate capsules alone (1.5% sodium 
alginate) without the MSC immunomodulatory paracrine 
effect.

Understanding macrophage concentration fluctuation in 
inflammation scenarios can be challenging because there are 
two antagonist phenotypes, M1 (proinflammatory) and M2 
(anti-inflammatory), depending on the environment [42,43]. 
However, there was an increase in macrophage concentration 
at the initial time point in all groups (Days 1–2), with higher 
and earlier expression in the encapsulated SMMSC group than 
in the other groups. It is supposed that MSCs associated with 
alginate hydrogels could cause anticipation of the immune 
reaction. Based on studies associating the presence of M2 
macrophages with the release of chondrogenic factors, 
including IL-10, IL-1Ra and TGF β [42,43], we suggested the 
predominance of M2 macrophages in encapsulated SMMSCs, 
mainly considering the coincidence peak of IL-10 at Day 1.

Lymphocytes are specialized cells of the adaptive or 
acquired immune system that are important for chronic 
inflammation and are responsible for recognizing and 
combating specific antigens [44]. In the present study, the 
significant increase in lymphocyte count at Day 1 in both 
cellular groups may have occurred due to the ability of MSCs 
to reduce lymphocyte activation, as described before [19,45], 
or to alginate hydrogel porosity that could result in transitory 
block antibodies and T cells [46].

In our study, regarding the analysis of inflammatory 
proteins, there was no significant difference between groups, 
which could be justified by differences in age, sex and 
variability in the method of OA induction when compared 
to other studies or by the complexity of the inflammatory 
cascade of in vivo protocols [47]. However, IL-1, IL-6, 
IFN1y and SAA presented significant differences between 
time points.

IL-1 analysis can be challenging, as studies indicate 
concentrations below detectable limits in horses (0.02 pg/
mL), showing results only in a few normal or inflamed 

 
Figure 9: Results of macroscopic evaluation performed at Day 
150. (A) The encapsulated SMMSC group showed total filling of the 
lesion by the neo-formed tissue similar to hyaline cartilage. (B) The 
free SMMSC group still exhibited chondral erosions and peripheral 
detachments. (C) The PBS control exhibited fibrosis, erosion and 
friable, poorly attached tissue.

Figure 10: Microscopy bright field obtained at Day 150. Tissue 
was stained with HE, toluidine blue and immunohistochemistry 
for collagen type II (COL II). Encapsulated and free SMMSC 
treatments revealed better structural organization and the presence 
of chondrocytes and extracellular matrix.

Global Repair Evaluation (GRE)

Group Average Standard 
Error

Standard 
deviation Median P

SMMSC free 8.6 0.4 0.894 8

0.007*SMMSC 
encapsulated 10 0.707 1.581 10

PBS control 6.6 0.245 0.548 7

*Significant difference between groups.

Table 1: ANOVA for comparing group scores at Day 150 regarding 
“Global Assessment of Repair” (GRE).
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joints [31]. Although increased IL-1α/β secreted by synovial 
macrophages has been related to cartilage degradation/
calcification and subchondral bone resorption [47,48], in vivo 
controlled studies in mice strongly suggested that IL-1 is not 
a key mediator in the development of OA, as the deficiency of 
the adaptor molecule for IL-1R1 did not impact the severity 
of experimental OA [47,49]. In the present study, IL-1α 
could be detected at low concentrations and showed a mild 
elevation in free SMMSCs and a reduction in encapsulated 
SMMSCs simultaneously at Day 2, reinforcing the gradual 
bioavailability that the scaffold should provide.

The role of IL-6 in horses is not completely understood, 
despite knowledge of its being context dependent, playing 
pro- or anti-inflammatory roles [47,50]. This cytokine is 
released in LPS-induced arthritis [51] and is associated with 
proinflammatory effects, such as a delay in lymphocyte and 
neutrophil apoptosis and a decrease in T-cell stimulation 
[52,53]. Since the peak of IL-6 occurred in the PBS control 
group at Day 2 and in the encapsulated and free SMMSC 
groups at Day 4, along with a decrease in neutrophil and 
total nucleated cell counts, we infer that SMMSCs could 
downregulate inflammation and that IL-6 plays a role in this 
[31,54,55].

In the present study, the peak IL-10 concentration was 
earlier in the encapsulated SMMSC group (Day 1) than in the 
other groups (Day 2), which suggested that when properly 
stimulated, MSCs can gradually release cytokines and other 
anti-inflammatory molecules, such as IL-1ra, indolamine 
2,3-dioxygenase, TGF-β and PGE2[5,17,37]. Thus, it is 
possible that encapsulated MSCs could release IL-10 at Day 
1 in response to the simultaneously high concentration of 
inflammatory cells, especially regulatory macrophages, that 
could also release IL-10, as suggested previously [44].

Encapsulated SMMSCs seem to lead to an 
immunomodulatory effect, with earlier peaks of macrophages, 
lymphocytes and IL-10, higher counts of total nucleated 
cells and neutrophils, and elevated TNFα, IGF and IFNγ 
concentrations. This increase in IFNγ and TNFα can be 
related to the proinflammatory environment once IFNγ 
activates macrophages and TNFα activates neutrophils. TNFα 
is also related to tissue repair, influencing cell proliferation, 
differentiation, death and production of extracellular matrix 
[56]. This could be possible because of the porous structure of 
alginate that allows oxygen, metabolite and nutrient diffusion 
[57], including the release of cytokines and growth factors 
from the MSC [58-60].

 Group Average Standard 
error

Standard 
deviation Median P value

Tissue morphology

free SMMSC 2.833 0.167 0.408 3

0.071encapsulated SMMSC 2.167 0.307 0.753 2

PBS control 1.667 0.333 0.816 1.5

Coloring matrix

free SMMSC 2.5 0.224 0.548 2.5

0.59encapsulated SMMSC 2.333 0.211 0.516 2

PBS control 2.167 0.167 0.408 2

Structural integrity

free SMMSC 3.333 0.333 0.816 3.5

0.028*encapsulated SMMSC 2.333 0.211 0.516 2

PBS control 2.167 0.167 0.408 2

Chondrocyte clustering at 
the implant site

free SMMSC 2.667 0.211 0.516 3

0.013*encapsulated SMMSC 3 0 0 3

PBS control 3 0 0 3

Histological surface 
evaluation

free SMMSC 2.833 0.167 0.408 3

0.149encapsulated SMMSC 2.333 0.333 0.816 2.5

PBS control 2 0.258 0.632 2

Lateral integration of the 
implanted material

free SMMSC 2.667 0.211 0.516 3

0.031*encapsulated SMMSC 2.5 0.224 0.548 2.5

PBS control 1.833 0.307 0.753 2

Inflammation

free SMMSC 1.33 0.211 0.516 1

0.237encapsulated SMMSC 1.167 0.167 0.408 1

PBS control 1 0 0 1
*Significant difference between groups.

Table 2: Values   resulting from histological scores of O’DRISCOLL (average, standard error, standard deviation, median and p value), ANOVA 
and Tukey’s test for comparison between groups at Day 150.
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Additionally, macro- and microscopic aspects of chondral 
healing indicate a better outcome in cartilage conditions 
after encapsulating SMMSCs in 1.5% sodium alginate, but 
the exact mechanisms have not been completely elucidated. 
In agreement with previous studies, alginate encapsulation 
provides MSC tridimensional organization, improves the 
delivery mechanism, increases therapeutic effects due to 
maintenance for a longer time at the site of injection [61-64], 
facilitates cell-to-cell interaction, increases specific cytokine 
release [65] and stimulates cells into a proresolutive scenario 
[18,37,66-68].

A longer follow-up of the animals would provide 
considerable data regarding collagen type II deposition and 
morphological and histological scores. Since each MSC 
source has its own particularities that may lead to different 
behaviors even when facing the same conditions, the 
comparison of the synovial membrane to other MSC sources 
would also contribute to a better understanding of the events 
associated with chondral healing in horses.

Although the best results were observed in the 
encapsulated SMMSC group, mainly in the histological scores, 
we infer that this study still has some limitations, such as the 
absence of the alginate control group and the performance 
of a larger histopathological study, not only from the lesion 
area. Further studies should also explore the comparison of 
different sources of MSCs and longer follow-ups to better 
understand collagen type II expression and the relevance of 
cytokines in the equine joint inflammatory environment.

Conclusions
In our experimental conditions, encapsulated SMMSCs 

increased neutrophil chemotaxis and induced earlier release of 
macrophages and IL-10, in addition to higher concentrations 
of IFN1y and SAA, highlighting their immunomodulation 
capacity. The treatment of encapsulated SMMSCs also resulted 
in better macro- and microscopic aspects of tissue repair, 
with higher glycosaminoglycan deposition and superior 
O’Driscoll scores.

Therefore, SMMSCs encapsulated in alginate beads 
provide better outcomes for equine tarsus chondral lesions, 
such as intensification of inflammation in the early phase 
confirmed by cytology and better chondral healing in the late 
phase evaluated by macroscopic observation, histology and 
immunohistochemistry. These results can provide important 
information for the clinical use of MSCs in animal and human 
patients. However, further studies should verify whether 
related findings could be attributed to SMMSCs, alginate 
hydrogels or both to contribute to a full comprehension of 
this scaffold interaction in the equine joint environment.
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