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Abstract
Rupture of ACL is a common injury. While the current surgical treatments are effective, many
patients still suffer from precocious osteoarthritis, and there is an increasing interest in
bioengineering approaches to improve ACL repair. Bovine collagen is a material currently in use
for tissue engineering of ligaments. The alpha-gal epitopes found on bovine cells are a source of
immunogenic stimulus for human cells. In this study, we wished to determine if those epitopes
could be removed sufficiently to mitigate an immunogenic response using either a
decellularization protocol or decellularization followed by alpha-galactosidase treatment. Bovine
ACLs were treated with Triton-X, sodium deoxycholate, ribonuclease, and deoxyribonuclease to
remove cells. A subset of the decellularized tissues was further treated with alpha-galactosidase.
Human peripheral blood mononuclear cells (PBMCs) were exposed to untreated, decellularized,
and alpha-galactosidase-treated tissues, and PBMC migration and IL-6 release were measured.
PBMCs were significantly more attracted to untreated ACL compared to decellularized or alpha-
galactosidase-treated tissue, but no difference was seen between the two treatment groups. PBMCs
also released significantly more IL-6 when exposed to untreated tissue compared to decellularized
ACL or alpha-galactosidase-treated ACL, but no difference was seen between the two treatment
groups. Immunohistochemistry using anti-alpha-gal antibody detected the epitopes throughout the
untreated ACL, but similar areas of reaction were not seen on decellularized or alpha-
galactosidase-treated ACL. These results suggest that our decellularization protocol minimizes the
immunogenic reactions of human PBMCs to bovine ACL tissue. Therefore, decellularized bovine
ACL tissue may be a safe, effective biomaterial for ACL injury treatments.
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INTRODUCTION
The anterior cruciate ligament (ACL) is a commonly injured knee ligament. In the United
States alone, there are an estimated 400,000 ACL ruptures per year (1). In addition to
causing pain, discomfort, instability, and limited mobility, ACL rupture increases the risk of
precocious osteoarthritis (2). ACL reconstruction with patellar tendon graft is currently the
most common surgical treatment for this injury (3), but even this treatment does not
decrease the risk of joint degeneration (4). Thus, there is much interest in improving the
treatment of patients with ACL injuries.

Preliminary studies of tissue-engineered treatments have shown promising results. In
particular, the use of collagen scaffolds loaded with platelet-rich-plasma (PRP) has been
shown to improve the strength of both the repaired ACL and grafts used for ACL
reconstruction in animal models (5–10). Platelets are known to stimulate angiogenesis and
wound repair (11), and have been studied and utilized in a variety of surgical fields (12). It is
also known that ACL fibroblasts can attach, migrate, and colonize collagen scaffolds (13).
However, although pepsin-digested collagen serves as a good scaffold for ACL healing, it
does not mimic the precise collagenous organization and structure of the ACL.

With an appropriate decellularization procedure, native tissues can become a useful
biomaterial particularly as these tissues have the structural composition of the targeted
tissue. Decellularization of meniscus (14), heart valves (15), skin (16), blood vessels (17),
bladder (18) and nerves (19) have been studied and shown promising results. Previously, we
have developed an effective protocol for ACL decellularization, which greatly reduced DNA
content with minimal effects on collagen and total protein content (20). Furthermore, the
decellularized ACL could be successfully reseeded with human ACL fibroblasts (20).
Decellularized ACLs from animals would be readily available, would not carry diseases
such as HIV, and would be very similar in structure to human ACLs.

However, one key concern when using a xenograft is its immunogenicity. A thorough
decellularization protocol should remove immunogenic donor cells from the tissue, but a
small number of remaining cells or non-cellular components of the tissue may induce
immunogenic reactions. One such cellular component is the alpha-gal
(Galalpha1-3Galbeta1-(3)4GlcNAc-R) epitope. The alpha-gal epitope is a carbohydrate
structure that is absent in humans but present in non-primate mammals including pigs and
cows (21). Interaction between human anti-alpha-gal antibodies and alpha-gal epitopes is an
important obstacle for using xenografts in humans (22). This problem can be avoided by
treating tissues with alpha-galactosidase to remove the epitope or using knockout pigs
lacking alpha-gal epitopes (23).

In this study, we hypothesized that alpha-gal epitope would be present in a bovine xenograft
ACL when treated only with Triton-X for decellularization, but that the immunogenic
components of the xenograft would be removed by treatment with alpha-galactosidase. We
tested this hypothesis using two techniques: first, to see whether each group of xenografts
attracted human peripheral blood mononuclear cells (PBMCs), and second to see if exposure
to each group of xenografts would activate human PBMCs.

METHODS
Experimental design

Untreated, decellularized, and alpha-galactosidase treated bovine ACLs (n=8 for each
group) were prepared. Then, three experiments were performed using these ACLs: (1)
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migration of PBMCs toward each group of ACLs, (2) activation of PBMCs exposed to each
group of ACLs, and (3) immunohistochemistry for alpha-gal epitopes.

Tissue collection
Eight bovine ACLs were aseptically harvested. One third of the fascicles of each ligament (1
cm by 0.5 cm each) were removed from each ACL, placed in PBS and frozen for later use as
“untreated ACL tissue”.

Decellularization with Triton X
The remaining fascicles of the ACLs were decellularized as follows. Specimens were
incubated in Triton-X solution (PBS with 0.25% Triton-X and 0.25% NA-deoxycholate) for
24 hours at 37°C. This was followed by a wash with DMEM for 72 hours at 4°C. Finally,
the tissue was incubated in PBS containing 100 μg/ml RNase and 150 IU/ml DNase for 24
hours at 37°C, and then washed with PBS containing 0.02% EDTA for 24 hours at 4°C (20).

Alpha-gal epitope digestion
The decellularized ACL fascicles were split into two equal sections. For each ligament, one
set of fascicles was frozen for later use as “decellularized ACL tissue”, while the second set
of fascicles was treated with alpha-galactosidase as follows. First, the specimens were
incubated in phosphate citrate sodium chloride buffer containing 100 U/ml alpha-
galactosidase (P0731, New England Biolabs, Ipswich, MA) for 4 hours at 26°C with gentle
shaking. Then, each specimen was washed five times with 40 ml of PBS for 30 minutes each
time with gentle shaking. Finally, they were washed with 50 ml of saline at 4°C overnight
with gentle shaking. The saline was discarded, and specimens were frozen for use as “alpha-
galactosidase-treated ACLs”.

PBMC migration test
Using sterile technique, untreated ACLs, decellularized ACLs, and alpha-galactosidase-
treated ACLs (n=8 for each group) were ground with mortar and pestle and resuspended in
DMEM. The final protein concentrations were adjusted to 100 μg/ml. PBMCs were purified
from human whole blood using Histopaque®-1077 (Sigma Chemicals, St. Louis, MO).
QCM™ Chemotaxis 96-Well Cell Migration Assay with 3 μm pore size (Millipore,
Billerica, MA) was used to measure the migration of PBMCs toward ground ACLs. The
assay was conducted according to the manual provided by the manufacturer. Briefly, 2.0 ×
105 PBMCs were placed into each well of a 96 well plate and 100 μl of ground ACL was
placed in each migration chamber. After 24 hours at 37°C, migrated cells were mixed with
lysis buffer/dye solution provided in the kit. The fluorescence of the lysate-dye mixture was
read using 480/520 nm filter set.

PBMC Monocyte Activation Test
PBMCs were obtained from human whole blood obtained from volunteers with no history of
inflammatory disease (Research Blood Components, Brighton, MA). The blood was
collected into bags containing 10% acid-citrate dextrose and the PBMCs isolated on a Ficoll
column using Histopaque®-1077 (Sigma Chemicals, St. Louis, MO), according to the
protocol outlined in the Histopaque®-1077 manual. Approximately 5 × 107 PBMCs were
obtained from each of three donors and resuspended in DMEM. 50 μl of 100 μg/ml ground
ACLs (n=8 for each group) in DMEM were added to 1 × 106 PBMCS in 450 μl of DMEM
and incubated for 24 hours at 37°C. Levels of IL-6 in the media were measured for all
samples using the Human IL-6 Colorimetric ELISA Kit (Pierce Protein Research Products,
Rockford, IL) according to the manufacturer’s manual.
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Histology
Immunohistochemistry was performed with anti-alpha-gal antibody on untreated ACL
fascicles, decellularized ACL fascicles, and alpha-galactosidase-treated ACL fascicles. Each
fascicle was fixed in formalin, embedded in paraffin and sectioned at 7 micrometers.
Sections were stained with hematoxylin and eosin and immunohistochemistry for the alpha-
gal epitope was performed. For the immunohistochemistry, the slides were incubated with
monoclonal anti-alpha-gal epitope M86 antibody (Alexis Biochemicals, Plymouth Meeting,
PA) at a 1:100 dilution for 2 hours at room temperature. The slides were washed with PBS
and incubated with a secondary antibody (horse anti-mouse IgG, Standard Elite ABC kit;
Vector, Burlingame, CA), diluted 1:200, and then incubated with an avidin–biotincomplex
agent for 30 minutes at room temperature and with 3,30-diaminobenzidine (Sigma
Chemicals, St. Louis, MO) for 15 minutes at room temperature. Four sections, each 25 mm2,
from each sample were analyzed. Numbers of alpha-gal positive and alpha-gal negative cells
in each section were counted.

Statistical Analyses
All results are given as mean SEM. Groups were compared using ANOVA with post-hoc
testing with Bonferroni adjustment. An alpha of 5% was considered significant. All
calculations were done using intercooled STATA 10 (StataCorp, College Station, TX).

RESULTS
Human PBMC migration

Overall, there was a significant difference in PBMC migration across all groups (Figure 1,
p<0.001). Untreated ACLs attracted more PBMCs than decellularized ACLs (p<0.001) and
alpha-galactosidase-treated ACLs (p<0.001). There was no statistically significant
difference between decellularized ACLs and alpha-galactosidase-treated ACLs (p=0.8347).

IL-6 release from human PBMCs
The release of IL-6 from human PBMCs exposed to the ACL fascicles was also significantly
different across groups (Figure 2, p<0.001). Media from PBMCs exposed to untreated ACLs
contained higher levels of IL-6 than media from PBMCs exposed to either decellularized
ACLs (p=0.0434) or alpha-galactosidase-treated ACLs (p=0.0454). There were no
statistically significant differences in the IL-6 levels in the media for the decellularized
ACLs and alpha-galactosidase-treated groups (p=0.9755).

Anti-alpha-gal immunohistochemistry
Evaluation of the sections from the untreated, decellularized and alpha-galactosidase-treated
ACLs demonstrated clear differences between the groups. The untreated ACLs had alpha-
gal epitopes detected throughout the tissue (461 areas of positive stain). In the decellularized
and alpha-galactosidase treated tissues, there were a smaller number of positively stained
areas (less than 10 in each group), Figure 3).

DISCUSSION
ACL rupture is a common injury that is difficult to treat. In addition to the pain and
instability it causes, the long-term consequence of joint degeneration, even after surgical
treatment, is a serious problem. Use of biomaterials, such as decellularized bovine ACL,
may be an effective approach to improve ACL rupture treatment.
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In our previous study (20), we had shown that a decellularization protocol using Triton-X is
highly effective while causing minimal changes in tissue biochemistry. We had also shown
that the decellularized bovine ACL could be successfully reseeded with human ACL
fibroblasts. However, a safe and effective graft must not induce significant immunogenic
reaction. Our current study showed that decellularized bovine ACLs do not attract PBMCs
or activate monocytes. Furthermore, in both tests, no significant difference was seen
between alpha-galactosidase -treated and decellularized bovine ACLs, which also suggests
that the decellularization process itself may have removed the alpha-gal epitopes. While
such decellularization protocols may not effectively remove alpha-gal epitopes from other
glycoprotein-rich tissues, our protocol seems to effectively eliminate alpha-gal epitopes
from the bovine ACL xenograft tissue.

Both PBMC migration and IL-6 release results suggest that the decellularization of bovine
ACL minimized the immunogenic reactions by the human PBMCs. PBMCs are any blood
cell with a round nucleus, including lymphocytes, monocytes, and macrophages. These cells
play a crucial role in xenograft rejection (24), and therefore the study of these human cells
and their lack of response to the decellularized bovine material is reassuring. Second, the
monocyte activation test, which measures interleukin-6 release from PBMCs, is a sensitive
test used in the pharmaceutical industry to detect pro-inflammatory and pyrogenic
components (25). The lack of human monocyte activation by the decellularized ACL tissue
suggests that the decellularization process removed such components. Our data suggest that
decellularization alone is sufficient to prevent immunogenic reaction by human PBMCs to
bovine xenografts.

Antibodies against the alpha-gal epitope are abundantly present in humans as IgG, IgM, and
IgA isotypes in humans and primates, so these antibodies can bind to xenografts from non-
primate mammals and induce graft rejection (26). Enzymatic removal of the epitope or the
use of knockout animal has been used to avoid this problem (23). However, our
immunohistochemistry results suggest that the decellularization protocol removes over 98%
of the alpha-gal epitopes from the bovine ACL fascicles. A possible explanation may be that
the alpha-gal epitopes are present on cells in ACL, but decellularization and multiple washes
eliminates those cells and the epitopes. This explanation is consistent with the finding that
the epitope is present in high densities as cell surface molecules in the untreated ACL tissue
(27).

In conclusion, our findings suggest that our decellularization protocol greatly reduces the
immunogenicity of bovine ACL. Future studies to assess the in-vivo efficacy of
decellularized ACL xenografts, particularly in comparison with other graft material choices,
would be of great interest. Nevertheless, combined with the results of our previous study,
which showed that the decellularized ACL tissue can be reseeded with human ACL
fibroblasts, our current study suggests that the decellularized bovine ACL xenografts may be
a safe and effective biomaterial for the treatment of human ACL injuries.
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Figure 1.
PBMC attraction by untreated and treated ACL tissue. There was no significant difference
between the decellularized ACL group and the group undergoing both decellularization and
treatment with alpha-galactosidase (AG-treated group). The PBMCs migrated at a higher
rate towards the untreated ACL tissue when compared with the decellularized (p<0.001) or
AG-treated group (p<0.001). PBMC migration was measured using QCM™ Chemotaxis 96-
Well Cell Migration Assay. The results are shown as mean ± SEM (n=8 for each group).
*Significantly different from the untreated group (p<0.001).
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Figure 2.
IL-6 release by PBMCs. While there was a higher release of IL-6 by PBMCs exposed to
untreated ACL tissue, there was no difference in IL-6 release between the decellularized
ACL group and the group undergoing both decellularization and treatment with alpha-
galactosidase (AG-treated group). The results are shown as mean ± SEM (n=8 for each
group). *Significantly different from the untreated group (p<0.05).
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Figure 3.
Immunohistochemistry for alpha-gal on representative sections of each group of ACL tissue,
where red is a positive stain for alpha-gal. Note the strong positive staining in the untreated
bovine ACL tissue (A), and the lack of staining in the decellularized specimen (B) and the
alpha-galactosidase-treated specimen (C). Scale bars: 20 μm.
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