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Abstract
The immunogenic carbohydrates, known as xenoantigens such as the Galα1-3Gal 

(α-Gal) epitope, and the non-human sialic acid N-glycolylneuraminic acid (Neu5Gc), play 
a major role in the immune response to xenotransplantation. Optimal decellularization 
protocols and strategies beyond decellularization are essential to eliminate 
xenoimmunogenicity. The aim of this study was to evaluate the safety and effi  casy of 
our novel decellularization protocol and carbohydrase such as Peptide N-Glycosidase 
F (PNGase-F) for the removal of xenoantigens. We investigated the biomechanical 
properties, and effi  cacy for xenoantigen removal through expression of carbohydrate-
binding lectins in porcine pericardium decellularized and treated with PNGase-F. Our 
novel decellularization protocols using 0.25% SDS + Triton X-100 through the multi-
step methods with hypotonic, isotonic and hypertonic buffer solution demonstrated 
complete decellularization without histological changes. There were no histological 
changes depending on PNGase-F treatment concentration (0~2 unit/ml). There were 
no signifi cant differences in tensile stress, tensile displacement, tensile strain at break, 
and permeability tests among porcine pericardia treated with different concentrations 
of PNGase-F. PNGase-F-treated porcine pericardium was stained with Jacalin, MAL I, 
WGA, RCA, GSL, ECA, PNA, SBA, WFA, and DSL, and showed lower fl uorescence than 
native pericardium. PNGase-F treatment also resulted in a signifi cant inhibition of 
lectin binding levels in a concentration-dependent manner. The fl uorescent signal of 
decellularization effectively decreased lectin expression. Additional PNGase-F treatment 
for decellularization signifi cantly reduced lectin expression without differences in 
PNGase-F concentration, demonstrating the synergistic effect of decellularization and 
PNGase-F. In conclusion, our novel decellularization protocols combined with PNGase-F 
treatment effectively removed the carbohydrates-associated xenoimmunogenicity 
and maintained biomechanical stability for cardiac xenografts. Our strategies beyond 
decellularization for optimal tissue engineering of cardiac xenografts can improve the 
biocompatibility of the graft.

Introduction
Cardiac xenografts have been used largely, but result in deterioration, 

infl ammation and calcifi cation mainly due to recipient immune response to 
antigenic components of the xenogeneic tissues. The major xenoantigens 
are the Galα1-3Gal (α-Gal) epitope, which is responsibe for hyperacute 
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graft rejection upon transplantation in humans, and 
the non-human sialic acid N-glycolylneuraminic 
acid (Neu5Gc), which cause acute graft rejection. 
The reduction in glycans from cardiac xenografts 
can attenuate the immunogenicity of xenogeneic 
scaff olds [1-3].

Optimal decellularized cardiac xenografts off er, 
besides a histoarchitecture similar to that of native 
cardiac xenografts, the potential to be repopulated 
and remodeled by cells and, thus, to grow with the 
patient [4-9]. Decellularization is primarily applied 
to remove cells and cellular debris from biological 
tissues in order to decrease the presence of other 
potentially immunogenic epitopes. Eff orts to achieve 
a lower immune response have been associated not 
only with incomplete removal of cellular debris 
with decellularization, but also with the presence of 
xenoantigens such as the α-Gal and Neu5Gc associated 
not only with cells but also with the extracellular 
matrix. Unfortunately, our clinical studies have 
shown that decellularized commercial xenografts still 
cause rejection in the cardiovascular fi eld, as seen in 
xenogeneic valve implantation [10].

Optimal decellularization protocol and strategies 
beyond decellularization are essential to eliminate 
xenoimmunogenicity. So, we developed an optimal 
decellularization protocol involving Sodium Dodecyl 
Sulfate (SDS) and Triton X-100 through a multistep 
method using hypotonic, isotonic and hypertonic 
buff er solution, which preserved the microscopic 
structure, the degree of cross-linking, and the 
degree of tissue strength, lowered the cytotoxicity, 
and inhibited in vivo calcifi cation of Glutaraldehyde 
(GA)-fi xed xenografts [7,8]. For removal of major 
xenoantigens (α-Gal), we also developed an 
α-gal free cardiac xenograft treated with optimal 
decellularization and α-galactosidase, and succeeded 
in clinical application and commercialization [11-13].

The aim of this study was to evaluate the safety 
and effi  casy of our novel decellularization protocol 
and carbohydrase such as Peptide N-Glycosidase 
F (PNGase-F) for the removal of xenoantigens 
(Neu5Gc). We investigated the biomechanical 
properties, and effi  cacy of xenoantigen removal 
through expression of carbohydrate-binding lectins 
in porcine pericardium decellularized and treated 
with PNGase-F.

Materials and Methods
Tissue preparation, decellularization, and 
sterilization of porcine pericardium

Porcine pericardium was obtained from a 
Taewoong Medical Inc., (KOREA). After removing fat 
and connective tissue, the tissues were disinfected 
with 0.1% PAA for 4hrs and then washed with 
Phosphate Buff ered Saline solution (PBS) under 
agitation at Room Temperature (RT).

Decellularization of porcine pericardium

The porcine pericardium tissues were initially 
treated with 0.25% SDS (Invitrogen Cat No. 15525017) 
in diH2O in hypotonic solution (10mM Tris, 0.05% 
EDTA, 0.5 ug/ml Leupeptin, 50 ug/ml Neomycin, 
(Sigma, USA)) containing 0.5% Triton X-100 for 24 
hours at 4 °C while agitating. The tissues were washed 
in distilled water for 72 hours, changing the solution 
once daily, using agitator at 4 °C. Afterwards, they 
were treated with a hypotonic solution with 0.5% 
Triton X-100 for 24 hours at 4 °C, and then washed 
with distilled water for 12 hours at 4°C. Subsequently, 
these tissues were decellularized with isotonic 
solution for 48 hours at 4°C. The tissues were washed 
in PBS containing 30% polyethylene glycol 1000 
& 1% antibiotic/antimycotic for 48 hours, using 
agitator at 4 °C. The tissues were fi nally treated with 
a hypertonic solution (200mM Tris, 600mM NaCl) 
for 3h at 4 °C. The tissues were washed in PBS for 24 
hours. Decellularized samples were prepared by the 
decellularization process as described by Lim HG, et 
al. [7].

Enzymatic digestion

Decellularized porcine pericardium was treated 
with PNGase-F (#P0704L, 1000U, NEB): PNGase-F 
was treated in 37 °C for 24 hours under agitation, 
and then rinsed in PBS under agitation at RT. Finally, 
samples were stored in PBS supplemented with 
1% (v/v) penicillin/streptomycin, and 400 μL/L 
amphotericin B for 24 hours in 4°C. 

Histology

For hematoxylin and eosin (H&E) staining, 
pericardium samples were fi xed in 4% para-
formaldehyde solution for 24 hours in 4 °C, washed 
three times in PBS, and dehydrated, and embedded 
in paraffi  n. Paraffi  n blocks were sectioned at a 
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thickness of 5 μm, and then sections were stained 
for H&E and 4′,6-Diamidino-2-Phenylindole (DAPI) 
staining. Samples were stained with DAPI to confi rm 
the removal of DNA structures. Stained sections were 
imaged using an inverted fl uorescence microscope 
(DMI4000B, Leica, Germany). Stained images were 
obtained using Application Suite X Image Viewer 
(Leica).

DNA content quantifi cation

For DNA content quantifi cation, tissue lysates 
following homogeniser were used. The QiAmp DNA 
Mini kit (Qiagen, Hilden, Germany) was used to 
measure DNA content according to manufacturer’s 
instruction. Isolated DNA pellets were measured using 
a NanoDrop UV-VIS spectrophotometer (Thermo 
Fisher), and the absolute amount of DNA (ng) was 
quantifi ed to total tissue mass (mg) used.

Scanning electron microscopy

Scanning Electron Microscopy (SEM) was used to 
obtain high-resolution images of pericardial tissues. 
Native porcine pericardial tissues with or without 
PNGase-F treatment were observed for tissues 
surface features and processed for SEM. Samples were 
fi xed in 4% paraformaldehyde for 24 hours at RT and 
prepared for SEM as described by Shamis Y, et al. [14]. 
Imaging was captured using a “SIGMA 500” scanning 
electron microscope (Carl Zeiss, Germany).

Mechanical stabilities test

Tissues were stored in 4°C for 24hours, and 
then rinsed in PBS. Tests of mechanical analysis 
were run in the tensile oscillation mode using the 
Tension fi lm clamp. According to manufacturer’s 
instruction, the tissues were cut into rectangular 
pieces approximately 5.0 x 10 mm (length x width, n = 
30). Tissue thickness was measured at 3 points on the 
slice using a thickness gauge (Quick-Mini 700-117; 
Mitutoyo, Kawasaki, Japan). Tensile properties were 
performed using a tensile testing machine (68SC-
5, INSTRON, USA) (100 N load cell) used to evaluate 
whether there was a diff erence in the maximal tensile 
strength of each sample, as described by Nam J, et al. 
[15]. Ultimate tensile strength and strain at fracture 
were evaluated from the recorded stress-strain 
curves. The stress-strain behaviour of each specimen 
was analyzed using six parameters: ultimate tensile 
strength, failure strain, maximum force, transition 
strain, and E-Modulus. Permeability properties were 
determined by measuring the penetrated volume of 

saline solution and applying a constant pressure of 
100 mmHg for 1 hour to the pericardial tissues, as 
described by Nam J, et al. [15]. For this test, the tissues 
were cut into rectangular pieces of approximately 
1 cm2 (n = 8). Permeability test was performed to 
determine the diff erences of penetration, elongation, 
and the degrees of the gap seen in the collagen fi ber 
bundles within tissues. The permeability tests of 
the pericardial tissues were determined using the 
Universal analysis 2000.

Immunofl uorescence analysis

For Lectin staining, naive, decellularized, and 
further PNGase-F treated porcine pericardium samples 
were fi xed in 4% para-formaldehyde for 24 hours at 
4 °C. The tissue sections were incubated with lectins 
at 1:250 overnight at 4°C. The eff ects of the PNGase-F 
treatments were analyzed on carbohydrate-binding 
lectins such as isolectin B4(IL-B4/GSL-IB4) (#B-
1205, Vector Laboratories Inc), specifi c for α-galactose 
residues; Wheat Germ Agglutinin (WGA) (#RL-1022, 
Vector Laboratories Inc); Datura Stramonium Lectin 
(DSL) (#B-1185, Vector Laboratories Inc); Ricinus 
Communis Agglutinin I (RCA-I) (#RL-1082, Vector 
Laboratories Inc); Soybean Agglutinin (SBA) (#B-
1015, Vector Laboratories Inc); Wisteria Floribunda 
Lectin (WFA) (#B-1355, Vector Laboratories 
Inc); Peanut Agglutinin (PNA) (#B-1075, Vector 
Laboratories Inc); Maackia Amurensis lectin I (MAL I) 
(#B-1315, Vector Laboratories Inc);  Jacalin (#B-1155, 
Vector Laboratories Inc); Erythrina Cristagalli Lectin 
(ECA) (#B-1145, Vector Laboratories Inc). Stained 
sections were further stained with avidin-linked 
Texas Red (#A-2006; Vector Laboratories Inc). The 
sections were washed 2 times with PBS and stained 
sections were imaged using an inverted fl uorescence 
microscope (DMI4000B, Leica, Germany). Stained 
images were obtained using Application Suite X Image 
Viewer (Leica).

Lectin binding assay 

For Lectin binding assay, naive and PNGase-F 
treated porcine pericardium samples were lysed in 
RIPA protein extraction solution (ATTO). Tissue 
samples lysed using coating buff er (Biosesang) 
were incubated overnight at 4°C in 96-well plate 
(Costar), and then each wells were blocked with 
carbo-free blocking solution (#SP-5040-125, Vector 
Laboratories Inc) for 30 min at RT. Each well was 
incubated with primary lectins (1:500) containing 
carbon-free blocking solution for 3 hours at RT. 
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After the primary lectins incubation, streptavidin-
conjugated peroxidise (1:1000, #SA-S0004, Vector 
Laboratories Inc) with carbon-free blocking solution 
was added to each well for 30 min at RT. After several 
washes with PBS containing 0.05% Tween 20 (Sigma), 
the reaction was developed using 3,3’,5,5’-tetrame- 
thylbenzidine (TMB) solution (#34028, Thermo 
Scientifi c). The absorbance of lectins was measured 
at 450 nm using an ELISA reader (Tecan, spark).

Statistical analysis 

All statistical analyzes are performed using 
GraphPadPrism (GraphPad Software Inc., version 5). 
Diff erences between results were analyzed using the 
unpaired student’s t test and one-way ANOVA followed 
Dunnett’s multiple comparisons test signifi cance. For 
all statistical comparisons, *p < 0.05, **p < 0.01, and 
***p < 0.001 were considered signifi cant.

Results
Histology and DNA contents in decellularized 
porcine pericardium

Porcine pericardial tissues were processed with 
our novel decellularization protocols using 0.25 % 
SDS + Triton X-100 via a multi-step method with 
hypotonic, isotonic and hypertonic buff er solution, 
and stained with H&E. The staining showed complete 
decellularization without histological changes 
compared with native porcine pericardium. Cell 
nuclei were also stained with DAPI. Our decellularized 
porcine pericardium showed DAPI-negative signals 
using fl uorescence microscope (Figure 1A).

In addition, we quantifi ed the DNA contents 
measured using a spectrophotometer and observed 
a signifi cant decrease in the DNA contents of our 
decellularized porcine pericardial tissues compared 
with native tissues (Figure 1B).

Histological analysis with SEM in porcine 
pericardium treated with PNGase-F 

The porcine pericardia were treated with diff erent 
concentrations (0~2.0 unit/ml) of PNGase-F, and 
stained with H&E. Histological characteristics such as 
collagen fi ber pattern, and structural loosening, did 
not change, and PNGase-F treatment concentration 
was not refl ected in histological changes (Figure 2A).

High-resolution images using SEM showed that 
the gap between the collagen fi ber bundles displayed 

similar collagen shapes and patterns for porcine 
pericardium treated with diff erent concentrations 
(0~2.0 unit/ml) of PNGase-F. PNGase-F treatment 
concentration had no eff ect on histological changes 
(Figure 2B).

Biomechanical analysis in porcine pericardium 
treated with PNGase-F

Biomedical properties were measured through 
uniaxial tensile test and permeability test. There 
was no signifi cant diff erence in tensile stress at 
break between native porcine pericardium (n = 30) 

A)

B)

Figure 1 Histology of porcine pericardium treated with our novel 
decellularization.
(A) Longitudinally dissected porcine pericardial native tissues 
with or without decellularization were stained with HE stain. HE 
stains were imaged using a microscope, and showed complete 
decellularization without histological changes. Cell nuclei were 
stained with DAPI. Decellularization resulted in DAPI-negative 
fl uorescence signals in decellularized tissues (blue: DAPI). 
Fluorescence was detected using a fl uorescence microscope. The 
magnifi cation used was x200.
(B) The DNA contents of longitudinally dissected porcine pericardial 
tissues with or without decellularization were quantifi ed. DNA 
contents were measured using spectrophotometer. Decellularized 
tissue had signifi cantly reduced DNA contents compared to native 
tissue. For statistical comparison, *p < 0.05 was considered 
signifi cant.
HE, hematoxylin and eosin; DAPI, 4′,6-diamidino-2-phenylindole; 
DNA, deoxyribo nucleic acid; Decell, decellularization.
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A)

B)

Figure 2 Histological characterization PNGase-F treated porcine pericardium. 
(A) Longitudinally dissected porcine pericardial native tissues with PNGase-F (0~2 unit/ml) were stained with Hematoxylin and Eosin (HE). HE 
stains were imaged using a microscope. The magnifi cation used was x200. There were no histological changes such as collagen fi ber pattern 
and structural loosening depending on PNGase-F treatment concentration.
(B) Scanning electron microscopy (SEM) images for the pericardium treated with PNGase-F (0, 1.0, and 2.0 unit/ml). The magnifi cation used 
was x2000 and x10000. The gap between the collagen fi ber bundle displayed a similar collagen shape and pattern for porcine pericardium 
treated with different concentrations of PNGase-F. PNGase-F treatment did not affect histological changes.
PNGase-F, peptide-N-glycosidase F.

and diff erent (0.5~2.0 unit/ml) PNGase-F treated 
porcine pericardium (n = 30, respectively). There was 
no signifi cant diff erence in tensile displacement at 
break between between native porcine pericardium 
(n = 30) and diff erent (0.5~2.0 unit/ml) PNGase-F 
treated porcine pericardium (n = 30, respectively). 
There was no signifi cant diff erence in tensile strain 
at break between native porcine pericardium (n = 30) 
and diff erent (0.5~2.0 unit/ml) PNGase-F treated 
porcine pericardium (n = 30, respectively) (Figure 
3A). In addition, we performed permeability test to 
evaluate the mechanical properties by PNGase-F 
treatment concentration. There was no signifi cant 
diff erence in permeability test between native 
porcine pericardium (n = 8) and diff erent (0.5~2.0 
unit/ml) PNGase-F treated porcine pericardium (n = 
8, respectively) (Figure 3B). These fi ndings suggested 
that the eff ects of PNGase-F treatment concentration 
were not refl ected in the biochemical properties of the 
porcine pericardium.

Lectin histochemistry and lectin-binding assay 
of PNGase-F treated porcine pericardium

In xenotranplantation, lectins are carbohydrates 
components, and increased lectin levels are highly 
involved in immune rejection [3]. Eff ects of the 
enzymatic digestion with PNGase-F on carbohydrates 
removal were investigated using the expression of 
lectins. Longitudinally dissected native and PNGase-F 
treated porcine pericardium samples were stained 
with ten lectins including Jacalin, MAL-I, WGA, RCA-I, 
GSL, ECA, PNA, SBA, DSL and WFA. Fluorescence 
imaging of lectins showed that the PNGase-F-treated 
group showed lower fl uorescence than native porcine 
pericardium. The PNGase-F-treated group also had 
low fl uorescence in proportion to the increase in 
concentration (0~2 unit/ml) (Figures 4(A,B)). 

To quantitatively determine the expression of 
WGA, ECA, GSL, RCA, MALI, WFA, and DSL, a lectin-
binding assay on PNGase-F-treated (0~2 unit/ml) 
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A)

B)

Figure 3 Biomechanical properties of PNGase-F treated porcine pericardium.
(A) Uniaxial tensile analysis of porcine pericardium analyzed using a tensile testing machine. There was no signifi cant difference in tensile 
stress, tensile displacement, and tensile strain at break among pericardium treated with different concentration (0~2 unit/ml) of PNGase-F (n 
= 30, respectively).
(B) Permeability analysis of porcine pericardium analyzed using a permeability testing machine. There was no signifi cant difference in 
permeability test among pericardium treated with different concentration (0~2 unit/ml) of PNGase-F (n = 8, respectively).
n.s., not signifi cant; PNGase-F, peptide-N-glycosidase F.
For statistical comparison, *p < 0.05 was considered signifi cant.

porcine pericardium was performed. PNGase-F 
treatment resulted in a signifi cant inhibition of lectin 
binding levels in a concentration-dependent manner 
(Figure 5). Additionally, we found that PNGase-F 
treatment at a concentration of 2.0 units/ml reduced 
the fl uorescence signal of lectins the most, and 
these results suggest that higher concentrations 
of PNGase-F were most eff ective in removing the 
xenoantigens.

Lectin histochemistry of porcine pericardium 
with decellularization and additionally treated 
with PNGase-F

Decellularized porcine pericardia treated with 
PNGase-F (0~2.0 unit/ml) were stained with Jacalin, 
MALI, WGA, RCA, GSL, and ECA, PNA, SBA, WFA, DSL. 
Decellularization eff ectively reduced the fl uorescence 
signal of all lectin expressions in comparison with 
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A)

B)

Figure 4 Lectin histochemistry of porcine pericardium treated with PNGase-F.
(A) PNGase-F-treated (0~2 unit/ml) porcine pericardium were stained with Jacalin, MAL I, WGA, RCA, GSL (A), and ECA, PNA, SBA, WFA, DSL. 
(B) Carbohydrate-binding lectins were stained red. The magnifi cation used was x200. Fluorescence imaging showed that the PNGase-F-treated 
group had low fl uorescence in proportion to the increase in concentration.
PNGase F, peptide-N-glycosidase F; MALI, Maackia Amurensis lectin I; WGA, Wheat Germ Agglutinin; RCA, Ricinus Communis Agglutinin; 
GSL, Griffonia Simplicifolia Lectin; ECA, Erythrina Cristagalli; PNA, Peanut Agglutinin; SBA, Soybean Agglutinin; WFA, Wisteria Floribunda; DSL, 
Datura Stramonium lectin.

native tissue; it did not completely remove all lectins 
from the porcine pericardium. On the other hand, 
PNGase-F treatment combined with decellularization 
completely eliminated the fl uorescence signal 
of all lectin expressions in comparison with 
decellularization alone (Figures 6(A,B)).

While we observed a signifi cant concentration-
dependent decrease in the fl uorescence signal of 
all lectin expressions after PNGase-F treatment, 
there was no eff ect due to concentration diff erences 
in PNGase-F treatment after decellularization. 
We observed a considerable reduction in lectin 
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Figure 5 Lectin binding to solubilized proteins of porcine pericardium treated with PNGase-F.
To quantitatively determine the expression of WGA, ECA, GSL, RCA, MALI, WFA, and DSL, lectin-binding assay for PNGase-F-treated (0~2 unit/
ml) porcine pericardium was performed. PNGase-F treatment resulted in a signifi cant inhibition of lectin binding levels in a concentration-
dependent manner.
PNGF, peptide-N-glycosidase F; WGA, Wheat Germ Agglutinin; ECA, Erythrina Cristagalli; GSL, Griffonia Simplicifolia Lectin; RCA, Ricinus 
Communis Agglutinin; MALI, Maackia Amurensis lectin I; WFA, Wisteria Floribunda; DSL, Datura Stramonium lectin
For all statistical comparisons, * p< 0.05, **p < 0.01, and ***p < 0.001 were considered signifi cant.

expression in the PNGase-F treatment at high 
concentration (Figures (4,5)), but, PNGase-F 
treatment combined with decellularization 
completely eliminated all the lectin expressions 
even at low concentration without a diff erence 
in PNGase-F concentration, demonstrating the 
synergistic eff ect of decellularization and PNGase-F 
(Figures 6(A,B)). These fi ndings indicated that 
PNGase-F treatment combined with decellularization 
absolutely removed the carbohydrate-binding lectin 
levels in xenopericardium.

Discussion
Devitalized cells and cellular remnants can 

induce an immunological response within the host 
against residual xenoantigen, which can result in 
the formation of a nidus for calcifi cation [4-7,15,16] 
Decellularization has been employed in order 
to reduce the immunogenicity of xenografts, by 
removing cellular material. Our group has studied 
various decellularization methods in order to develop 
less immunogenic and highly durable tissue graft [17]. 
Considering the number and amount of chemicals 
that were used, incubation time, and degree of 
damage to the extracellular matrix, we concluded 
that a multi-step method using a hypotonic solution 

followed by SDS is a relatively optimal method for 
decellularization in our previous study [18]. We have 
attempted to determine the optimal conditions for 
decellularization by introducing several modifi cations 
to the appropriate environment, such as treatment 
temperature, duration, and osmotic pressure 
using chemical detergents of various types and 
concentrations. The exposure of cardiac xenografts 
to a hypotonic solution prior to the SDS treatment 
was highly eff ective in achieving decellularization 
[19]. Since a high concentration of the detergent 
(higher than 0.25% SDS) cause signifi cant matrix 
derangement, the use of a low concentration of 
detergent and treatment under a hypertonic solution 
have better mechanical characteristics [20].

After our decellularization, there was no visible cell, 
and no specifi c matrix derangement was noticeable in 
H&E stain [7,21]. Our decelluarization did not alter the 
microscopic structure, the degree of cross-linking 
assessed by thermal stability test and pronase test, and 
the degree of tissue strength assessed by the uniaxial 
mechanical test [7,9]. The in vivo experiments for 
small animals proved that our decellularization 
protocols of xenograft tissue were eff ective [7,8,22]. 
The large-animal long-term circulatory model 
demonstrated the preclinical safety and effi  cacy in 
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A)

B)

Figure 6 Lectin histochemistry of decellularized porcine pericardium treated with PNGase-F.
A) Decellularized porcine pericardia treated with PNGase-F (0~2.0 unit/ml) were stained with Jacalin, MALI, WGA, RCA, GSL.
B) ECA, PNA, SBA, WFA, DSL. 
Carbohydrate-binding lectins were stained red. The magnifi cation used was x200. The fl uorescent signal of decellularization effectively 
decreased lectin expression. Additional PNGase-F treatment for decellularization signifi cantly reduced lectin expression without a difference 
in PNGase-F concentration, demonstrating the synergistic effect of decellularization and PNGase-F.
Decell, decellularization; PNGase F, peptide-N-glycosidase F; MALI, Maackia Amurensis lectin I; WGA, Wheat Germ Agglutinin; RCA, Ricinus 
Communis Agglutinin; GSL, Griffonia Simplicifolia Lectin; ECA, Erythrina Cristagalli; PNA, Peanut Agglutinin; SBA, Soybean Agglutinin; WFA, 
Wisteria Floribunda; DSL, Datura Stramonium lectin.
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pulmonary [23] and mitral [24] position for our novel 
decellularization protocols compared with control 
groups [25-27]. The clinical study demonstrated the 
safety and effi  cacy in pulmonary position for our novel 
decellularization protocols [11-13]. Our bioprosthetic 
valves treated with novel decellularization protocols 
were successfully commercialized, and have been 
implanted to the pulmonary position of the patients. 
Currently, clinical trials (The PULSTA Transcatheter 
Pulmonary Valve Pre-Approval Study, ClinicalTrials.
gov Identifi er: NCT03983512) for our decellularized 
bioprosthetic valves to the pulmonary position are also 
in progress for 5 European countries (Germany, Italy, 
Netherlands, Spain, Turkey; https://clinicaltrials. 
gov/ct2/show/NCT03983512). The preclinical study 
demonstrated that our decellularized bioprosthetic 
valves to the aortic position were safe and eff ective 
[28].

Histological assessment by H&E and DAPI 
and DNA contents assay revealed complete cell-
nuclei removal after decellularization in this study. 
Carbohydrates removal was investigated using up 
to 10 diff erent lectin stains for the identifi cation of 
N-and O-glycosylations, as well as glycolipids. Our 
decellularization represented eff ective protocol in 
means of carbohydrates reduction; it did not result in 
the removal of all lectins in the xenopericardium. Our 
decellularization procedures also resulted in similar 
values of mechanical properties when compared 
between each other and with native tissue [7,9]. 

Although some known immunogenic compounds, 
such as cells and water-soluble compounds, 
have been reported to be removed through 
decellularization, other xenoantigens, such as 
carbohydrates present in Extracellular Matrix (ECM) 
glycoproteins (including α-Gal and Neu5Gc), cannot 
be completely removed without targeted treatments, 
such as enzyme, or silencing of genes associated with 
specifi c xenoantigen expression. On the other hand, 
carbohydrate removal using enzymatic treatments 
has been limited to enzymes with specifi city against 
known immunogenic carbohydrates or specifi c types 
of glycosylations. In fact, carbohydrases such as 
α-galactosidase or peptide:N-glycosidase F have been 
applied to remove α-Gal and Neu5Gc, respectively, 
from xenogeneic tissues. We have already developed 
α-Gal free cardiac xenografts treated with optimal 
decellularization and α-galactosidase, and succeeded 
in clinical application and commercialization [11-13].

This study was performed for removal of 
xenoantigen (Neu5Gc), and showed that PNGase-F 
treatment further reduced lectin expression with 
increasing concentrations, and did not aff ect 
biomechanical stabilities such as permeability 
and uniaxial tensile tests compared to untreated 
pericardium. After enzyme treatments, tissues 
showed a dramatic decrease in lectin stainings in 
comparison to tissues which were decellularized only. 
As shown by our lectin stains, decellularization per 
se can’t induce complete removal of carbohydrates, 
whereas a dramatic decrease in glycan stains was 
observed when applying PNGase-F. In addition, 
ELISA test was also performed to investigate the 
effi  ciency of the glycosidases to remove glycans 
from tissue glycoproteins. Our results demonstrated 
that PNGase-F treatment resulted in a signifi cant 
inhibition of lectin binding levels in a concentration-
dependent manner.

Considering DNA as a marker for removal of cells 
and cellular debris, its presence of trace amounts 
after decellularization may indicate that cellular 
debris is not adequately washed off  from the tissue. 
Overall, carbohydrates and xenoantigen removal 
could be strongly improved by applying PNGase-F, 
compared with decellularization. Our previous 
results showed that decellularization alone reduced 
carbohydrate structures only to a limited extent, and 
did not produce an xenoantigen (α-Gal) free scaff old. 
We also have shown that decellularization alone is 
not able to delete α-Gal structures without additional 
α-galactosidase treatment [1,7,21]. Indeed, the 
detergents-based decellularization protocols used in 
this study were not able to remove α-Gal completely, 
nor to decrease other N-acetylglucosamine or 
O-glucosamine structures, without the use of specifi c 
glycosidases. A benefi cial eff ect in terms of decreased 
immonogenecity and calcifi cation was observed in our 
previous in vivo studies using humanized mice when 
treating cardiac xenografts with α-galactosidase 
after decellularization [21,22]. Besides α-Gal, other 
carbohydrates may also be additional causes of the 
rejection of transplanted cardiac xenografts.

Decellularized porcine pericardia were further 
treated with PNGase-F at various concentrations, 
for the removal of potentially immunogenic 
carbohydrates. We observed that decellularization 
combination with additional PNGase-F treatment 
signifi cantly reduced the expression of lectins in 
comparison with decellularization or PNGase-F alone. 
Overall, carbohydrates and xenoantigen removal 
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could strongly be improved by applying PNGase-F, in 
particular in combination with SDS and Triton X-100 
treatment.

The 10 lectins in this study were chosen and 
investigated for representative intense staining 
signals in all native pericardial tissues in contrast 
to decelularized and enzyme-treated tissues, which 
showed a dramatic decrease in binding signal.  All 
conducted lectin stains including the lectin specifi city 
are well known for overall glycan removal, and were 
used to optimize the best dilution and time point for 
processing conditions. A large variety of lectins was 
used in our study, in particular, for decellularization-
and additionally PNG-F-treated groups, in order 
to stain a broad range of glycans bound to proteins, 
as well as lipids. In this study, extensive staining of 
N- and O-glycosylation was achieved through many 
lectin stains. Currently known xenoantigens are 
expressed mainly on N-linked sugars, but the Neu5Gc 
is also present on O-linked sugars [29]. N-glycans are 
the most common type expressed on glycoproteins 
and glycolipids, whereas O-glycans are only 
partially present, especially on SBA, PNA, and Jacalin 
staining [30]. Decellularized porcine pericardia have 
signifi cantly reduced binding of all lectins tested in 
comparison with native tissue. However, currently 
known xenoantigens, principally the α-Gal and 
Neu5Gc, are expressed on N-linked and O-linked 
sugars, and both carbohydrates are expressed 
on glycolipids, most of which are not completely 
removed during decellularization. A further 
reduction in binding was observed in specimens 
further digested with PNGase-F, in comparison with 
decellularized tissue. Enzymatic treatment with 
PNGase-F signifi cantly reduced the glycan structure 
of decellularized cardiac xenografts, as seen by lectin 
staining, but neither decellularization nor PNGase-F 
alone signifi cantly reduced lectin staining.

Digestion with low concentrations of PNGase-F 
did not signifi cantly alter the binding of the tested 
lectins, but the decellularization group showed a 
signifi cantly reduced binding to the lectin even 
after low concentrations of PNGase-F digestion. 
Decellularization approaches can be rather effi  cient in 
removing cells, soluble proteins, and carbohydrates 
from the ECM, promoting accessibility for enzymatic 
action to cleavage sites in glycan structures through 
synergistic digestion of surrounding proteins.

Unfortunately, there is still a signifi cant lack 
of research on decellularization combined with 

deglycosylation therapy. Most of the recent studies 
related to antigen removal in cardiac xenografts have 
focused on developing decellularization protocols, 
rather than glycan removal. For the fi rst time in the 
world, we have already demonstrated the synergistic 
eff ects of decellularization and α-galactosidase 
for removal of α-Gal xenoantigens on cardiac 
xenografts in vitro and in vivo [1,21,22]. To date, our 
previous studies have focused on depletion of α-Gal 
epitopes using α-galactosidase rather than non-
gal xenoantigens (Neu5Gc). Therefore, this study 
confi rmed the effi  cacy of glycosidases with broader 
specifi city for removal of non-gal xenoantigens from 
cardiac xenografts. To our knowledge, no data have 
been published so far on in vitro testing of diff erent 
concentrations of PNGase-F treatments for removal 
of non-Gal xenoantigens on cardiac xenografts 
and their synergistic eff ects on decellularization. 
PNGase-F allows effi  cient removal of carbohydrates 
from N- and O-glycans, while maintaining the 
mechanical stability of the tissue, suggesting that 
glycan removal by PNGase-F leads to a reduction in 
tissue xenogenicity as revealed in our results. The next 
step is to test the immunogenic potential of enzyme-
treated cardiac xenografts in vivo with a view to 
further investigating the potential of deglycosylated 
cardiac xenografts for future clinical applications.

In conclusion, our novel decellularization 
protocols combined with PNGase-F treatment 
eff ectively removed the carbohydrates-associated 
xenoimmunogenicity and maintained biomechanical 
stability for cardiac xenografts. Our strategies beyond 
decellularization for optimal tissue engineering of 
cardiac xenografts can improve the biocompatibility 
of the graft.
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