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Abstract
Bovine pericardium is an important biomaterial with current application in glutaraldehyde-fixed
bioprosthetic heart valves and possible future application as an unfixed biological scaffold for tissue
engineering. The importance of both humoral and cell-mediated rejection responses toward fixed
and unfixed xenogeneic tissues has become increasingly apparent. However, the full scope and
specific identities of bovine pericardium proteins that can elicit an immune response remain largely
unknown. In this study, an immunoproteomic approach was used to survey bovine pericardium
proteins for their ability to elicit a humoral immune response in rabbits. A two-stage protein extraction
protocol was used to separate bovine pericardium proteins into water- and lipid-soluble fractions.
Two-dimensional gel electrophoresis was performed to separate the proteins from each fraction.
Western blots were generated from two-dimensional gels of both bovine pericardium protein
fractions. These blots were probed with serum from rabbits immunized with bovine pericardium and
a secondary antibody was used to assess for IgG positivity. Western blots were compared to duplicate
two-dimensional gels and proteins in matched spots were identified by tandem mass spectrometry.
Thirty-one putative protein antigens were identified, eight of which are known to be antigenic from
previous studies. All of the putative antigens demonstrated progressive staining intensity with
increasing days of post-exposure serum. Identified antigenic proteins represented a variety of
functional and structural protein types, and included both cellular and matrix proteins. The results
of this study have implications for the use of bovine pericardium as a biomaterial in bioprostheses
and tissue engineering applications, as well as xenotransplantation in general.
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1. Introduction
Bovine pericardium (BP) is an important natural biomaterial with current application in
glutaraldehyde-fixed bioprosthetic heart valves and possible future application as an unfixed
biological scaffold for tissue engineering. The importance of the immune response to
xenogeneic biomaterials such as BP is becoming increasingly apparent in both applications.

Fixation with glutaraldehyde was once thought to largely mitigate the immune response to
connective tissue xenografts by irreversibly cross-linking graft matrix proteins [1]. It is now
clear that both humoral and cell-mediated immune responses to glutaraldehyde-fixed
xenografts occur [1-7]. Mounting evidence implicates chronic antibody formation and immune
rejection in bioprosthetic heart valve degeneration and calcification [2,3,6,7]. This raises the
possibility that treatments, such as antigen removal or antigen masking, might be devised to
reduce antigen-driven activation of the immune system and thereby improve the durability of
bioprosthetic heart valves. Before antigenic proteins can be targeted for removal or masking,
their identity must be known. However, the proteins responsible for triggering immune
rejection in bioprosthetic heart valves remain largely unknown.

Unfixed BP has received attention as a potential xenogeneic biological scaffold for tissue
engineering, including tissue engineered heart valves [8-13]. Because tissues are unfixed in
this application, it is necessary to remove graft antigenicity prior to implantation. Numerous
physical and chemical treatments designed to decrease the immunogenicity of unfixed
xenogeneic biomaterials have been investigated [9,11,12,14-26]. These treatments have
generally been characterized as tissue “decellularization”, based on the assumption that
antigens mediating an immune response to the graft would likely be cell-associated. It is now
clear that the apparent elimination of intact cells based on light microscopic examination does
not assure adequate removal of xenoantigens, nor mitigation of immune rejection [8,27-29].
As a result, emphasis has shifted from tissue “decellularization” to “antigen removal” [30,
31]. Here again, the full scope of xenogeneic tissue antigenicity remains largely undefined with
regard to the number, origin, and identity of potential xenoantigens. In this study, we applied
an immunoproteomic approach to survey BP proteins for their ability to generate a xenogeneic
IgG humoral immune response.

2. Materials and Methods
2.1. Tissue Harvest

BP was harvested aseptically from adult cattle shortly after death and transported to the
laboratory in pH 7.4 phosphate-buffered saline with 0.1% (w/v) ethylenediamine tetraacetic
acid, 100 KIU/mL aprotinin, 100 U/mL penicillin, 100 μg/mL streptomycin, 0.25 μg/mL
amphotericin B. Pericardial fat and loose connective tissue were removed. BP was cut into 1-
cm2 pieces and stored at -80 °C in 85% Dulbecco’s modified eagles medium and 15% (v/v)
dimethyl sulphoxide.

2.2. Antiserum Production
Anti-BP serum was generated in New Zealand White rabbits. Rabbits were used in accordance
with the guidelines established by Colorado State University IACUC and the Guide for the
Care and Use of Laboratory Animals [32]. BP (1 g) was placed in 5 mL of 10 mM pH 8.0 tris-
HCl, 100 KIU/mL aprotinin, 1 mM dithiothreitol (DTT), 2 mM MgCl2, 10 mM KCl, and 0.5
mM Pefabloc (Roche Applied Science), and mechanically homogenized on ice. One mL of the
homogenized BP suspension was injected subcutaneously into rabbits (n = 4) at days 0 (diluted
in a 1:1 ratio with complete Freud’s adjuvant) and 14 (diluted in a 1:1 ratio with incomplete
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Freud’s adjuvant). Serum was collected from the rabbits at 0, 7, 14, 21, 42, 56, and 72 days,
and stored at -80 °C.

2.3. Protein Extraction
Protein extraction of BP was accomplished with a two-stage protocol to optimize collection of
water- and lipid-soluble proteins (Fig. 1). Samples of BP were snap frozen in liquid nitrogen
and minced into pieces approximately 0.5-1 mm on a side using sterile surgical instruments.
Minced BP was placed in 1.5 mL cryogenic vials, containing 1 mL of 134 mM 3-
(benzyldimethylammonio) propanesulphonate (NDSB-256) (Sigma-Aldrich), 10 mM pH 8.0
tris-HCl, 100 KIU/mL aprotinin, 1 mM DTT, 2 mM MgCl2, 10 mM KCl, and 0.5 mM Pefabloc.
Vials were shaken on ice for 1 h and then centrifuged at 17,000×g, 4 °C for 25 min. The
supernatant was collected and designated the water-soluble protein fraction. The pellet was
washed twice in 0.5 mL of the same extraction solution by repeating the procedure described
above. The supernatant from each wash was discarded. The pellet was resuspended in 0.5 mL
of 1% n-dodecyl-β-D-maltoside (Sigma-Aldrich), 134 mM NDSB-256, 10 mM pH 8.0 tris-
HCl, 100 KIU/mL aprotinin, 1 mM DTT, 2 mM MgCl2, 10 mM KCl, and 0.5 mM Pefabloc in
nanopure water and shaken on ice for 1 h. Samples were centrifuged at 17,000×g, 4 °C for 25
min, the supernatant collected and designated the lipid-soluble protein fraction.

The water-soluble fraction was concentrated using Centricon Ultracel YM-3 (cut-off 3000 Da)
centrifugal filters (Millipore) at 6,500×g, 4 °C for 3 h and stored at -80 °C until required. The
lipid-soluble fraction was concentrated with the same filters at 6,500×g, 4 °C for 90 min.
Delipidation was achieved by ethanol precipitation of the concentrated lipid-soluble fraction.
Lipid-soluble extracts were precipitated with nine volumes of ice-cold 100% ethanol. Samples
were incubated at -4 °C for 60 min, and then centrifuged at 17,000×g for 25 min at 4 °C. The
supernatant was discarded, the pellet air dried and resuspended in 9 M Urea, 3% CHAPS, 1%
DTT, 1% triton X-100, 1% NDSB-256 in nanopure water and stored at -80 °C until required
[33]. Total protein concentrations were determined using a DC protein assay kit (Bio-Rad)
with bovine serum albumin (Sigma-Aldrich) as the standard.

2.4. One-Dimensional SDS-PAGE and Western Blot
SDS-PAGE was performed using an Xcell II, Surelock Mini-Cell electrophoresis system with
4-12% tris-glycine polyacrylamide gels (Invitrogen) [34]. In all cases, 37 μg of water-soluble
protein and 15 μg of lipid-soluble protein and 15 μg of lipid-soluble protein were loaded in
separate lanes on the gel. One-dimensional (1-D) western blotting onto a 0.2-μm pore size,
nitrocellulose membrane was performed using an Xcell II blot module in accordance with the
manufacturer’s recommendations (Invitrogen). Blots were blocked for 30 min with 5% non-
fat dry milk in 10 mM pH 8.8 tris-buffered saline plus 0.5% Tween 20 (TBST). Blots (n = 16)
were stained overnight at 4 °C, with a 1:10 dilution of rabbit serum either pre- (day 0) or post-
(day 14, 21, 28, 42, 56 or 72) exposure to BP, in 5% milk in 10 mM TBST. Blots were washed
3 times for 10 min in 5% milk in TBST. The secondary antibody was a 1:5000 dilution of
horseradish peroxidase-conjugated mouse monoclonal anti-rabbit IgG light chain specific
antibody (Jackson ImmunoResearch Laboratories Inc), in 10 mM pH 8.8 tris-buffered saline.
Blots were washed five times for 10 min in TBST. Digital images of blots were created using
Supersignal Femto chemiluminescent reagent (Invitrogen) and recorded with a charge-coupled
camera (CCD) bioimaging system (UVP Inc).

2.5. Two-Dimensional Gel Electrophoresis and Western Blot
Two-dimensional gel electrophoresis (2-DE) was performed in the first dimension using pH
3-10 non-linear immobilized pH gradient (IPG) ReadyStrips™ (Bio-Rad). IPG rehydration of
water-soluble extracts was performed overnight, with 500 μg of protein diluted in an aqueous
solution of 8 M urea, 2% CHAPS, 0.3% DTT, and 2% Ampholyte 3-10NL. For overnight IPG
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rehydration of lipid-soluble extracts, 200 μg of protein was diluted in a solution of 8 M urea,
1% CHAPS, 0.2% DTT, 1% triton X-100, 3% NDSB-256, 1.5% ASB 14, and 2% Ampholyte
3-10NL. Protein isoelectric focusing (IEF) was performed using a Multiphor II electrophoresis
system (GE Healthcare) at 20 °C, with an initial 1 min linear increase in voltage to 500 V,
followed by a linear increase in voltage to 3500 V over 5 h and then a constant voltage of 3500
V for 17.5 h.

Following IEF, IPG strips were reduced by submersion in a solution of 2% DTT w/v, 6 M urea,
30% glycerol v/v, and 0.1% SDS w/v for 15 min and then alkylated by submersion in a solution
of 2.5% iodoacetamide (IAA), 6 M urea, 30% glycerol v/v, 0.1% SDS w/v, and a trace of
bromophenol blue for 5 min. Strips were immediately loaded onto cast 12% polyacrylamide
gels (20 cm × 20.5 cm × 1 mm) and electrophoresis performed at 200 V for 6 h in a Dodeca
cell (Bio-Rad) with 0.1% SDS in 25 mM pH 8.3 tris-HCl, 192 mM glycine running buffer
[35]. Gels were stained with a modified acidic silver staining protocol (Silver Stain PlusOne,
AmershamPharmacia) [36,37]. Digital gel images were recorded using a UVP CCD
bioimaging system.

Western blotting of 2-DE gels was performed using a wet blot electrophoresis transfer system
(Trans-Blot, Bio-Rad). Western blotting was performed onto 0.2-μm nitrocellulose membranes
with a running buffer of 25 mM tris-HCl, 192 mM glycine at 100 V and 1 A for 1 h. Blots were
stained and imaged as for 1-D western blots.

2.6. Image Analysis and Protein Identification
Resolved spots on two-dimensional (2-D) western blots were matched to the corresponding 2-
DE gels using Delta 2D digital image analysis software (Decodon GmbH) (Fig. 1). Matched
spots were excised from the gel, subjected to tryptic digestion and desalting. Tryptic digestion
was accomplished by incubation of the gel spots with 0.04 μg sequencing grade modified
trypsin (Promega) in 40 mM ABC overnight at 37 °C. Peptides were extracted from the gel
spots by sequential incubation with 40 μL of 40 mM ammonium bicarbonate (ABC) for 15
min at room temperature, 5% formic acid for 15 min at 37 °C and 100% acetonitrile (ACN)
for 15 min at 37 °C. The supernatant from the overnight tryptic digestion and those from all
subsequent peptide extraction steps were collected and pooled. The pooled supernatants were
dried using an SPD SpeedVac® (Thermo Electron Corporation) to a final volume of 5-10 μL.
Resultant peptides were analyzed either by electrospray ionization-quadrupole/ion trap (ESI-
Q/Trap) or matrix-assisted laser desorption/ionization-tandem time-of-flight (MALDI-TOF/
TOF) mass spectrometry.

For ESI-Q/Trap analysis, extracted peptide samples were reconstituted in 10 μL of 0.5% formic
acid with 2% acetonitrile. Nanoflow liquid chromatography was carried out by an LC Packings
UltiMate integrated capillary high performance liquid chromatography system equipped with
a Switchos valve switching unit (Dionex). For each sample, 6.4 μL were injected using a Famos
auto sampler onto a PepMap C18 trap column (5 μm, 300 μm × 5 mm, Dionex) for on-line
desalting and then separated on a PepMap C18 reverse phase nano column. Peptides eluted in
a 15 min gradient of 5% to 40% acetonitrile in 0.1% formic acid at 250 nL/min into a 4000 Q
Trap (ABI/MDS Sciex), a hybrid triple quadrupole linear ion trap mass spectrometer, that was
equipped with a Micro Ion Spray Head II ion source. MS data acquisition was performed using
Analyst 1.4.1 software (Applied Biosystems) in positive ion mode for information dependant
acquisition (IDA) analysis. The nanospray voltage was set to 2.0 kV for all experiments.
Nitrogen was used as the curtain gas, set to 10, and as the collision gas, set to high, with a
heated interface at 175 °C. The declustering potential was set to 50 eV and Gas1 was set at 15
psi. After each survey scan between 400 m/z to 1600 m/z and an enhanced resolution scan, the
three highest intensity ions with multiple charge states were selected for tandem MS (MS/MS)
with rolling collision energy applied.
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MS/MS spectra generated from ESI-Q/Trap analysis were interrogated using Mascot 2.2
(Matrix Science) and searched against the mammal taxonomy of the NCBI database
(downloaded July 2007). The search parameters were set to allow for one missed cleavage,
two variable modifications (methionine oxidation and cysteine carboxyamidomethylation), a
peptide tolerance of 1.2 Da, and a MS/MS tolerance of 0.6 Da. Only peptides defined by a
Mascot probability analysis (www.matrixscience.com/help/scoring_help.html#PBM) to be
better than “identity” were considered and used for protein identifications. For protein
identifications based on a single peptide match, the identity score criterion was made more
stringent by also requiring a confidence interval of ≥ 95%.

For MALDI-TOF/TOF analysis, peptides were first desalted using ZipTips® C18 (Millipore)
and then run as reported previously on a 4700 Proteomics Analyzer (Applied Biosystems).
[38] Briefly, desalted digests were spotted onto target plates with 5 mg/mL alpha-cyano-4-
hydroxycinnamic acid and 1 mg/mL ammonium phosphate in 50% ACN/0.1% TFA. MS was
performed in positive ion reflector mode over a mass range of 700-4500 m/z, with 1200 laser
shots per spot and internal calibration. Up to eight of the most intense peaks, excluding trypsin
autolysis peaks, were selected from each MS spectrum for MS/MS. Tandem MS was performed
in positive ion mode with 2700 laser shots, 1 kV collision energy and default calibration. GPS
Explorer (v2.0 Applied Biosystems) was used as an interface between the raw data from the
mass spectrometer and a local copy of Mascot search engine (v1.9 Matrix Science). A combined
MS and MS/MS search was performed against a local copy of NCBInr (downloaded May
2007). Mascot searches were restricted to mammal taxonomy with 75 ppm MS mass tolerance,
0.3 Da MS/MS mass tolerance, trypsin specificity, two maximum missed cleavages, and the
following three variable modifications: methionine oxidation and cysteine modifications by
iodoacetamide and acrylamide. The criterion used to determine protein identification was a
GPS Explorer confidence interval greater than 95%.

Localization of identified proteins was determined by a combination of peer-reviewed literature
search, NCBI protein database search [39], PSORT subcellular localization prediction [40] and
prediction of trans-membrane protein segments using HMMTOP [39-41] (Tables 1 and 2).

3. Results
3.1. One-Dimensional Western Blot

Bands were present on blots of water- and lipid-soluble BP proteins when incubated with serum
from BP-injected rabbits (Fig. 2). The number and intensity of bands from both fractions
increased with time post-exposure to BP (i.e. 21, 42, and 72 day post-exposure serum)
suggesting a mounting IgG antibody response to BP proteins. A few bands were present on
water-soluble BP protein blots when exposed to pre-immune serum, suggesting the possibility
of natural rabbit antibodies against some BP proteins. All of these bands intensified on
incubation with post-immune serum.

3.2. Two-Dimensional Gels, Western Blots and Antigen Identifications
Two-dimensional gels of water- and lipid-soluble fractions (n = 8 for each fraction) of BP
proteins were well resolved with minimal smearing in either direction (Figs. 3 and 4).
Sequential treatment of corresponding 2-D western blots (n = 8 for each fraction) with pre-
immune and 21-, 56-, and 72-day post-BP injection rabbit serum, demonstrated a few pre-
immune and several new post-exposure spots. Similar to the results obtained on 1-D blots, spot
number and intensity increased with increasing days of post-exposure serum on blots of both
BP protein fractions (Fig. 5). Resolved spots on 2-D western blots matched well with
corresponding silver-stained gels (Fig. 1).
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3.3. Protein Identification
Proteins were identified from gel spots corresponding to resolved spots on western blots of
both water- and lipid-soluble fractions of BP. Identified proteins are reported in Tables 1 and
2, and the location of gel spots from which proteins were identified are shown in Figs. 3 and
4. A total of 63 proteins were identified (37 from water-soluble and 26 from lipid-soluble gels),
representing 31 unique antigens (20 from water-soluble and 11 from lipid-soluble gels) (Tables
1 and 2).

4. Discussion
Abundant evidence demonstrates that both glutaraldehyde-fixed and unfixed BP xenografts
elicit an immune response [1-8,27-31]. However, little is known about the nature and identity
of BP proteins eliciting the immune response. In this study, we utilized an immunoproteomic
approach to screen BP proteins for their ability to generate an IgG humoral immune response.
Two-dimensional western blots of water- and lipid-soluble BP protein fractions were probed
with pre- and post-exposure anti-BP rabbit serum. Antibody detection was limited to antibodies
of the IgG subtype. This approach led to the identification of 31 putative antigenic proteins
capable of eliciting a T cell-dependent antibody response, as revealed by IgG production [42,
43]. Similar approaches have been used recently to identify relevant antigenic proteins in
oncologic, autoimmune, and infectious diseases [44-50]. To our knowledge, this study is the
first to apply an immunoproteomic approach to identify potential antigens in xenotransplanted
tissues.

Our results are supported by the fact that four of the putative antigens in the study (albumin,
hemoglobin chain A, beta hemoglobin, and allergen bos d 6) have been previously identified
as xenoantigens by other methods [51,52]. Four of the other putative antigens identified here
(enolase 1, triosephosphate isomerase, annexin V, and chain A dimethylarginine
dimethylamino-hydrolase I) have been identified previously as targets of autogenous immune
responses in either neoplasia or autoimmune diseases [47,53-57]. Two additional putative
antigens (peroxiredoxins II and III) have closely related isotypes (peroxiredoxin I and IV) that
have previously been identified as antigens [45,46,58,59]. Notably, twenty-three putative BP
antigens have not been previously identified as antigenic. Five of these were hypothetical
proteins of unknown function, not previously described at the protein level. All BP proteins
identified as antigens demonstrated progressive staining intensity with increasing days of post-
exposure serum, lending further support to the conclusion that antigen identifications in this
study were the result of an active humoral immune response. Four putative antigens were
identified by pre-exposure serum suggesting the presence of natural rabbit antibodies toward
these antigens. Staining intensity for these four antigens increased progressively with post-
exposure serum.

Several of the putative antigens identified in this study exhibit shared structural or functional
properties, which may provide insight into the determinants of antigenicity. A number of the
putative antigens identified were isoforms (e.g., peroxiredoxins II and III, or glutathione S-
transferases M1 and pi), suggesting the possibility of a conserved antigen-determining region
within each family. In addition, several putative BP antigens are characterized as antioxidant
proteins. Interestingly, a similarly disproportionate number of antioxidant proteins have been
identified as antigens in autoimmune disease [58].

A diverse functional range of antigenic BP proteins were identified, with cytoplasmic,
mitochondrial, nuclear, membrane, secreted and extracellular matrix proteins all represented.
The identification of the extracellular matrix protein osteoglycin as a putative BP antigen has
important implications for the use of BP as a biomaterial. Osteoglycin is a keratin sulphate
proteoglycan, involved in collagen fibrillogenesis [60,61]. It has become increasingly clear
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that the assumption that xenoantigens are likely to be cell-associated is not valid. Our findings
further emphasize that treatment of unfixed xenogeneic tissues for tissue engineering
applications must shift from a paradigm of “decellularization” to one of “antigen
removal” [9-12,14-26]. Current or future antigen removal or antigen masking treatments will
need to account for both cellular and extracellular matrix antigens.

Post-translational modifications (PTM) including phosphorylation, acylation, glycosylation,
and alkylation can potentially contribute to or alter protein antigenicity [62-65]. Interestingly,
some of the proteins identified as antigens in this study have been previously identified as
antigenic in other settings, and, in each case, their antigenic domains have been mapped to
protein sites [47,51-53]. Furthermore, 15 of the putative antigens were identified from multiple
closely associated spots, suggesting that varying degrees of PTM were present, but that
antigenicity was not dependent on PTM [44,45,47,49]. Additional studies will be necessary to
both confirm xenogeneic antigenicity and identify the specific antigenic domain of each
identified putative xenoantigen. Other approaches could also be applied to evaluate the
presence of non-protein antigens in BP.

Some known antigens (e.g., collagen, elastin) that are present in BP, were not identified in the
presented data [66,67]. This finding is not surprising, as no current proteomic methodology
exists which is capable of resolving the entire proteome. Other proteomic methodologies (e.g.,
shotgun, benzyldimethyl-n-hexadecylammonium chloride SDS-PAGE, agarose gel IEF) may
provide data complementary to those presented here. Such approaches may have particular
merit in resolving additional membrane, soluble matrix and high molecular weight proteins
[68-70].

5. Conclusion
The immunoproteomic approach employed in this study identified 31 bovine pericardium
proteins as putative xenogeneic antigens. Identified antigenic proteins represented a variety of
functional and structural protein types, and included both cellular and extracellular proteins.
The results of this study have implications for bovine pericardium as a biomaterial in
bioprostheses and tissue engineering applications, as well as xenotransplantation in general.
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Fig. 1.
Workflow scheme for immunoproteomic identification of bovine pericardium xenoantigens.
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Fig. 2.
One-dimensional western blots of water-soluble (A) and lipid-soluble (B) bovine pericardium
protein fractions treated with pre-immune (0-d) and 21-, 42-, and 72-d post-exposure anti-
bovine pericardium rabbit serum.
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Fig. 3.
Two-dimensional gel of bovine pericardium water-soluble fraction proteins identified as
antigens. Superscript numbers correspond to spot numbers in Table 1.
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Fig. 4.
Two-dimensional gel of bovine pericardium lipid-soluble fraction proteins identified as
antigens. Superscript numbers correspond to spot numbers in Table 2.
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Fig. 5.
Sequential 2-D western blot spots of 4 bovine pericardium (BP) putative protein antigens
resolved with pre-immune (0-d) and 21-, 56-, and 72-d post-exposure anti-BP rabbit serum.
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