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Abstract
Decades of research have been undertaken towards the goal of tissue engineering using
xenogeneic scaffolds. The primary advantages associated with use of xenogeneic tissue-derived
scaffolds for in vitro development of replacement tissues and organs stem from the inherent
extracellular matrix (ECM) composition and architecture. Native ECM possesses appropriate
mechanical properties for physiological function of the biomaterial and signals for cell binding,
growth, and differentiation. Additionally, xenogeneic tissue is readily available. However,
translation of xenogeneic scaffold-derived engineered tissues or organs into clinical therapies
requires xenoantigenicity of the material to be adequately addressed prior to implantation. Failure
to achieve this goal will result in a graft-specific, host immune rejection response, jeopardizing in
vivo survival of the resultant scaffold, tissue, or organ. This review explores (1) the
appropriateness of scaffold acellularity as an outcome measure for assessing reduction of the
immunological barriers to the use of xenogeneic scaffolds for tissue engineering applications and
(2) the need for tissue engineers to strive for antigen removal during xenogeneic scaffold
generation.
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1. INTRODUCTION
The extracellular matrix (ECM) of native tissues has the potential to be an ideal scaffold for
use in tissue engineering and regenerative medicine applications. Indeed, clinical use of
biologically-derived ECM scaffolds in non-critical sites for urethroplasty [1], fistula repair
[2], and hernia repair [3] have been deemed successful. For a given tissue type, the inherent
ECM composition and architecture confers the appropriate mechanical properties necessary
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for immediate physiological function of the resultant scaffold [4]. This is in contrast to
synthetic scaffolds which generally require extended periods of time to undergo tissue
morphogenesis and remodeling under relevant environmental conditions in order to gain
acceptable mechanical properties [5–8]. The advantage of having an inherently
mechanically-appropriate scaffold is particularly important for grafts that are required to
function immediately upon implantation, such as heart valves which must maintain
unidirectional blood flow in the heart. Moreover, the complex compositional and
architectural elements that constitute ECM, organized at the levels of molecules,
macromolecules, and complexes of macromolecules, provide both molecular and
topographical cues which are capable of directing cellular phenotype and organization [9–
12]. These multi-scale intricacies of native ECM are currently beyond the capabilities of
even the most sophisticated synthetic approaches. Finally, as the composition and structure
of ECM are not yet fully characterized, completely synthetic ECM cannot currently be
generated in vitro [4]. However, additional research will be required for the potential of
xenogeneic tissue-derived ECM scaffolds to be fully realized in both tissue engineering and
basic science applications.

Recipient immune response to the antigenic components of xenogeneic tissues represents the
critical barrier to the use of xenogeneic scaffolds in translational applications. Indeed, the
National Heart, Lung, and Blood Institute (NHLBI): Heart and Lung Xenotransplantation
Working Group has identified the antigenicity of xenogeneic tissues to be the major hurdle
to increased utilization of these materials in clinical medicine [13]. In spite of the
aforementioned early clinical success of ECM scaffolds [1–3], low levels of immune
response to these products [14] will lead to loss of function or destruction in more critical
sites of the body such as whole organs. For tissue engineering to reach its full potential, even
residual antigenicity which elicits a low grade immune response may need to be resolved.
Heart valve replacements exemplify the magnitude of the xenogeneic tissue antigenicity
issue. Even a minor immune response to antigens that persist within a glutaraldehyde-fixed,
bioprosthetic heart valve is capable of triggering a rejection cascade, resulting in graft
calcification, destruction and loss of function [15, 16]. Owing to the crucial role of heart
valves in the circulatory system, immune-mediated loss of valve function has catastrophic
effects on the medical status of the patient. Therefore, heart valve bioprostheses serve as a
rigorous model for the study of tissue antigenicity, which can inform attempts to utilize
xenogeneic scaffolds in tissue engineering efforts for other functionally critical tissues and
organs.

Initial attempts to overcome the antigenicity of xenogeneic tissues utilized chemical fixation
processes, primarily glutaraldehyde cross-linking, to mask xenoantigens from being
accessed and recognized by the host immune response [8, 15, 16]. Such chemical cross-
linking methods have been successful in delaying hyperacute and acute recipient immune
responses towards xenogeneic tissues [17–19]. However, chronic, low grade immune
surveillance of antigens in chemically fixed biological heart valves eventually results in
immune-mediated degeneration and subsequent calcification of the biomaterial [15, 16]
limiting bioprosthesis lifespan to 5–10 years in adults [8, 16, 20]. The potent immune
response of juvenile patients reduces the bioprosthesis lifespan to less than 5 years in
children [16, 21, 22], with the need for replacement likely within 3 years [23]. Additionally,
chemical fixation prevents both recellularization and ECM turnover of treated xenogeneic
tissue, rendering the biomaterial incapable of adapting to changes in the microenvironment,
integration with the host, and growth [24].

To overcome the issues associated with implanting chemically fixed, xenogeneic tissues in
human patients, an intense research effort has been undertaken with the goal of developing
immunologically acceptable, unfixed, xenogeneic tissue-derived scaffolds. An
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immunologically acceptable biomaterial would be capable of avoiding the destructive host
immune response following implantation for a length of time sufficient to allow for
complete matrix turnover to occur. A strategy that sufficiently reduces the antigenicity of
unfixed, xenogeneic tissue without compromising the biomaterial structure-function
properties and recellularization potential will be critical for expanding the use of xenogeneic
scaffolds in tissue engineering and regenerative medicine. This review discusses the current
state of decellularization and antigen removal approaches in the generation of
immunologically acceptable, unfixed, xenogeneic scaffolds and highlights important
considerations for future work. While it focuses primarily on the cellular and humoral
adaptive immune responses that mediate rejection in the stringent heart valve model,
examples from other tissues are included where relevant.

2. ANTIGENICITY IN XENOTRANSPLANTATION
Recipient immune response to transplantation of xenogeneic tissues and organs has been
extensively described in immunology journals [25–35] and is therefore not the primary
focus of the current review. However, a basal understanding of the recipient immune
response towards xenoantigens is critical to inform the strategies necessary for generating
immunologically acceptable, xenogeneic scaffolds for tissue engineering applications. The
majority of our current understanding about xenograft rejection processes stems from
characterization of the immune response towards whole organ xenotransplantation.
Although the manifestation of immune rejection may differ for tissues as compared to
organs which possess an extensive, pre-existing xenogeneic vascular network, the
underlying mechanisms responsible for initiation of rejection are largely conserved.

2.1. Hyperacute rejection of xenogeneic organs
Hyperacute rejection (HAR) is an aggressive rejection response, occurring on the order of
minutes to hours following implantation of a vascularized xenograft [25–35]. The primary
effectors of HAR are pre-existing, xenoreactive natural antibodies, present within the host
circulation prior to introduction of foreign material. Upon implantation, these xenoreactive
natural antibodies bind to their corresponding antigens within the xenograft, activating the
complement cascade. Complement activation along the endothelium of the vasculature
results in endothelial damage and subsequent intravascular coagulation, edema formation,
and bleeding into the implanted graft. Ultimately, HAR leads to organ destruction and rapid
loss of graft function. The antigenic carbohydrate galactose-α(1,3)-galactose (α-gal) epitope
is a post-translational modification on numerous glycoproteins and glycolipids expressed on
the surface of all cells derived from non-primate mammals and New World monkeys [36].
In humans and Old World monkeys, constitutive loss of the α1,3-galactosyltransferase
enzyme responsible for synthesizing the α-gal moiety results in the absence of α-gal
expression on the cell surface. Due to continuous exposure to gut bacteria expressing the α-
gal moiety on mucosal surfaces [37], naturally occurring xenoreactive antibodies against α-
gal (anti-Gal) are generated by humans and Old World monkeys [36]. In humans, anti-Gal
antibodies make up 1— 8% of immunoglobulin M (IgM) and 1—2.4% of immunoglobulin
G (IgG) antibodies [38]. Therefore, the α-gal epitope is the dominant mediator of HAR in
discordant xenotransplantations [26].

2.2. Acute immune rejection of xenogeneic organs
In the absence of α-gal-mediated immune rejection (through anti-Gal antibody depletion
from recipient circulation, use of α-gal-deficient (Gal −/−) donor material, and
allotransplantation), subsequent avoidance of HAR permits xenograft rejection through
acute mechanisms [25–35]. Acute humoral xenograft rejection (AHXR) of transplanted
grafts occurs days to weeks after introduction into the recipient due to the presence of non-
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Gal xenoreactive natural antibodies circulating at low levels. Antibody binding to
xenoantigens on donor cells results in complement fixation and resultant cell lysis.
Additionally, binding o f xenoreactive natural antibodies to Fc receptors on the surface of
host innate cells allows these cells to behave like antigen presenting cells, activating T cells
and promoting cellular infiltration into the graft, initiating cell-mediated rejection [31].
These processes culminate in graft dysfunction and ultimate destruction.

2.3. Chronic immune rejection as informed by allotransplantation
The inability to overcome HAR and AHXR associated with xenotransplantation has limited
the current understanding of chronic immune response towards unfixed xenografts [25– 33].
Therefore, observations made from allotransplantation inform the potential onset of chronic
rejection following xenotransplantation if HAR and AHXR can be ameliorated. Chronic
allograft rejection has been induced through introduction of anti-donor antibodies [25, 39],
suggesting that antibody-mediated (humoral) responses play an important role in mediating
chronic rejection episodes. Proliferation of endothelial cells and smooth muscle cells has
been observed after complement activation, suggesting the potential for chronic lesion
formation in xenografts [25, 40]. The cell-mediated mechanism of chronic allograft rejection
is primarily due to major histocompatibility complex (MHC) molecules expressed on the
surface of donor cells. The high degree of polymorphism present in MHC molecules makes
them potent mediators of both innate and adaptive immune responses in both allograft and
xenograft transplantation [25, 26]. The MHC I molecule, equivalent to human leukocyte
antigen (HLA) I in non-human species, is located in the cell membrane of all nucleated cells
within a tissue. Thus, MHC I molecules serve as a marker of self versus non-self to
circulating CD8+ cytotoxic T cells [31, 32] and natural killer cells [25]. Incompatibility of
donor MHC I molecules with inhibitory receptors on natural killer cells initiates a cytotoxic
response. The MHC II molecule is found on specialized antigen presenting cells of the
immune system. Interaction of CD4+ helper T cells with donor MHC II molecules triggers
allorecognition, activation, and amplification of both T and B cell responses [31, 32].
Therefore, MHC molecules represent the most critical mediator of chronic rejection.
However, cross-matching of the MHC antigen does not guarantee absence of subsequent
chronic rejection events. For example, foreign minor histocompatibility antigens are
recognized by T cells between siblings with identical MHC molecules [31, 41, 42]. The
allotransplantation literature indicates that recipients develop rising antibody titers against
numerous non-MHC antigens, which correlates with subsequent chronic rejection episodes
[43]. Genetic diversity provides the basis for a spectrum of non-MHC proteins which are
capable of triggering immune rejection in the recipient. Presentation of donor peptides on
recipient antigen presenting cells stimulates CD4+helper T cells to mount a rejection
response. Therefore, both MHC and non-MHC antigenic components of donor tissues and
organs are capable of mediating chronic rejection responses.

2.4. Tissue rejection as informed by organ transplantation
The body of work on immune rejection of tissue- and organ-derived biological scaffolds is
growing, but still at a nascent stage. Initiating factors and resultant immune responses are
still less well-characterized in relatively avascular grafts as compared to whole organs.
Undoubtedly, the extensive vasculature in whole organs accelerates the interactions between
donor antigenic epitopes and recipient humoral and cell-mediated effectors that initiate the
immune rejection process [44]. Nonetheless, the initiators described above in the whole
organ setting are still likely to be relevant in the tissue setting for facilitating immune
rejection of the implanted graft. In particular, the common denominator in elicited rejection
responses against an implanted graft is the persistence of antigens [25–35]. As mentioned
above, the ubiquitous α-gal and MHC I molecules represent the most critical barriers to the
acceptance of a xenograft. Additionally, increasing levels of elicited, graft-specific
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antibodies over time [45] and rising antibody titers [14, 46] against non-MHC protein
antigens in xenogeneic tissues have been observed and are likely mediators of chronic
rejection even if α-gal and MHC I responses are overcome. Finally, non-protein antigenic
components are also known to exist, such as the non-Gal, carbohydrate Hanganutziu-
Deicher and Forssman antigens [30, 34, 35]. While antibodies against these two
carbohydrate antigens exist, it is not yet known whether they indeed translate to an immune
response. Existence of lipid antigens has not yet been confirmed, but cannot be ruled out as
a trigger of immune rejection. Therefore, as noted by the NHLBI: Heart and Lung
Xenotransplantation Working Group, xenoantigens represent the major hurdle to expanding
the use of xenogeneic tissues and organs in clinical practice [13].

3. DECELLULARIZATION
Decellularization is a process intended to eliminate the host immune response towards
xenogeneic tissues and organs while leaving the ECM intact [47] to serve as a scaffold for
recellularization. Many approaches for decellularization have been investigated [48, 49] and
include osmotic [5, 47, 50–55], chemical [5, 7, 46, 51–77], enzymatic [5, 52, 55, 63, 69, 75,
78], and mechanical [55, 69, 79] methods for removal of the cellular component of a
xenograft. The efficacy of various decellularization [75] strategies have been tested on
relatively simple tissue types including skin [14, 46, 73], small intestine submucosa (SIS)
[14, 70, 73], pericardium [5, 53, 75], heart valve [47, 50–52, 56–63, 72, 76, 78, 80, 81],
blood vessel [55, 75, 79, 82], cartilage [68, 83], and bone [54] and applied to more complex
organs such as liver [64, 69, 73], kidney [65, 66, 71, 77], and heart [67]. Application of
decellularization methods to reduce the immunological potential of xenogeneic tissues and
organs is grounded in the assumptions that (1) the cellular component of a xenograft
represents the sole contributor to its antigenicity and (2) the absence of cells (by microscopic
evaluation of residual nuclei, DNA quantification, and/or assessment of residual, cellular
proteins of neither confirmed nor denied immunogenicity) correlates with removal of
antigenic components. It should be noted that some groups have attempted to better define
the measures with which they classify a decellularized scaffold as acellular [44, 73].
Approaches to evaluate scaffold acellularity following decellularization have primarily
utilized histological assessment of residual nuclei [5, 44, 46, 47, 51, 52, 56–62, 70, 73–76];
however, recent attempts to more rigorously characterize r esultant scaffold acellularity have
included DNA quantification [7, 44, 46, 60, 70, 73–75], analysis of residual DNA fragment
length [44, 70, 73], and assessment of residual cell structural proteins (without demonstrated
antigenicity) [7, 58, 74, 82]. That being said, no standard currently exists for success criteria
of decellularization. Therefore, the validity of scaffold acellularity as an outcome measure
for the assessment of residual antigenicity demands closer inspection.

3.1. In vivo immune response to decellularized allografts and xenografts
Evaluation of decellularization as a means of producing immunologically acceptable,
unfixed, tissue-derived scaffolds has yielded conflicting results. Various decellularization
methods have been shown to achieve acellularity [5, 44, 46, 47, 51, 52, 56–62, 73, 75–77].
These studies encouraged several subsequent in vivo studies to assess whether achievement
of acellularity translated to avoidance of the host immune response. Unfortunately,
implantation of decellularized allografts into human patients produced mixed results
regarding compatibility of acellular scaffolds with the recipient immune response. Standard
cryopreserved heart valve allografts resulted in elevated HLA class I and II panel reactive
antibody levels; however, SynerGraft decellularized allografts exhibiting 99% reduction in
staining for cellular components and notable reduction in staining for HLA class I and II
molecules did not significantly increase HLA class I or II panel reactive antibody levels in
children up to 12 months post-operatively compared to pre-operative levels [50].

Wong and Griffiths Page 5

Acta Biomater. Author manuscript; available in PMC 2015 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Conversely, Sayk et al. [61] reported macrophage infiltration into a SynerGraft
decellularized, acellular pulmonary valve allograft 5 weeks after implantation into and 5
weeks before death of a human patient. Increasing levels of donor-specific antibodies
against HLA class I and II antigens were measured in adults implanted with heart valve
allografts decellularized using the ionic detergent sodium dodecyl sulfate (SDS) [81].
Affonso da Costa et al. [57] reported mild to no humoral response towards HLA class I and
II antigens in most cases following implantation of acellular, AutoTissue Ltd™
decellularized allografts into human patients up to 180 days post-implantation. However,
even within the same study, some patients showed contradictory responses. In patients
receiving acellular, AutoTissue Ltd™ decellularized allografts that developed antibodies
against HLA class I and II antigens, the humoral response was detected as early as the 5th or
10th day post-implantation compared to patients receiving cryopreserved allografts
developing a humoral response at day 15. Xenotransplantation of decellularized, animal-
derived tissue into various animal and human hosts also failed to yield conclusive findings
regarding host tolerance of acellular scaffolds. Acellular, porcine aortic root decellularized
using SDS and octylphenoxy polyethoxyethanol (Triton X-100) was associated with
minimal inflammatory cell infiltration and reduced calcification following subdermal
implantation into rats for up to 60 days [56]. The same acellular porcine aortic root
implanted into the pulmonary valve position of dogs for up to 6 months showed no signs of
infiltration by immune cells or calcification. Similarly, porcine aortic valve leaflets rendered
acellular using the SynerGraft decellularization process and reassembled into a composite
trileaflet structure were implanted into the right ventricular outflow tract of sheep for 150
days [47]. In this model, the authors noted only a small population of monocytes and
lymphocytes associated with these SynerGraft composite heart valves that otherwise largely
resembled their allograft controls. However, implantation of acellular, peracetic acid
decellularized porcine SIS into a rat partial thickness abdominal wall defect model was
associated with marked cellular infiltration [70]. Although decreased following treatment
with peracetic acid compared to PBS, the M1 pro-inflammatory macrophage response
towards SIS was still observed following decellularization over 28 days of implantation. In
the clinical setting, rapid failure of SynerGraft decellularized porcine pulmonary and aortic
roots was observed following implantation into juvenile patients [84]. This outcome was
attributed to severe inflammatory response and fibrous encapsulation of the prostheses,
leading to the deaths of three out of four children and explantation of the valve from the
remaining subject. Similarly, re-operation was required for 6 patients under 25 years of age
due to obstruction of implanted AutoTissue Ltd™ Matrix P plus heart valves [80]. Graft
failure was attributed to the severe inflammatory response towards the decellularized
porcine pulmonary valve and glutaraldehyde-fixed equine pericardial-walled conduit in this
short to mid-term study. Histological analysis of the stenotic explants revealed fibrosis at the
peripheral end of the conduit, dense intimal peel and prominent narrowing, and “dissection-
like” separation of the wall layers—concluded to stem from an “immunogenic-boost”-like
reaction. The inconsistencies between these various in vivo results can be attributed to
several experimental design parameters, including immunological environment of the
transplantation model (small animal versus large animal, concordant versus discordant
transplantation), graft implantation site (relatively vascular or avascular), and duration of the
in vivo study. Collectively, these in vivo studies cast considerable doubt on the ability of
decellularization techniques alone and the associated outcome measure of acellularity to
generate immunologically acceptable, unfixed scaffolds and prompted closer inspection of
the immune response towards decellularized, unfixed, tissue- and organ-derived scaffolds.

3.2. In vitro immune potential of decellularized scaffolds
Unfortunately, numerous studies have demonstrated the ability of acellular scaffolds to elicit
inflammatory and immune responses in animal and human in vitro models. Platelet

Wong and Griffiths Page 6

Acta Biomater. Author manuscript; available in PMC 2015 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



activation [59], classical complement system pathway activation [62], monocyte recruitment
[58–60], granulocyte recruitment [60], granulocyte activation [62], granulocyte binding [62],
lymphocyte recruitment [60], T cell proliferation [78], and T cell activation [78] have all
been associated with decellularized scaffolds. For the studies in which only inflammatory
response towards an ECM scaffold was mentioned, no observations of the immune response
were reported. It is unknown whether no immune response towards the biomaterial occurred
or no assessment of potential immune response was performed. Therefore, no comment on
the role of the immune response in the reported outcomes can be made. Kasimir et al. [59]
reported both adhesion of activated platelets and migration of human monocytes to acellular,
porcine pulmonary valve conduits and SynerGraft model 700 decellularized pulmonary
valves. Rieder et al. [60] observed reduced, but not abolished, monocyte and lymphocyte
migration following decellularization, associated with removal of proteins promoting
migration. However, granulocyte migration towards acellular porcine and human pulmonary
roots was maintained compared to native tissue and attributed to inability to remove proteins
promoting granulocyte migration via decellularization. Bastian et al. [62] demonstrated
adsorption of human IgG proteins onto acellular porcine pulmonary heart valves, which in
turn activated the classical complement pathway, and promoted adhesion of activated
granulocytes. Zhou et al. [52] observed no difference in complement activation or
granulocyte activity of acellular, porcine pulmonary valve following decellularization using
sodium deoxycholate (SDC), SDS, trypsin-EDTA, or trypsin-EDTA with Triton X-100
compared to untreated tissue. Finally, Bayrak et al. [78] found that decellularized porcine
pulmonary heart valves promote T cell proliferation and activation. Recent work in
macrophage polarization has described two macrophage phenotypes in host response: M1
macrophages which are effectors of the pro-inflammatory degenerative response and M2
macrophages which have been linked to a regenerative response following tissue damage
[44, 85–87]. Identification of M2 macrophages suggests the possibility of a benefit to the
inflammatory response in tissue regeneration, an area under much investigation.
Nonetheless, a significant body of work indicates that the sole goal of scaffold acellularity
does not guarantee the elimination of inflammatory and immune responses towards
decellularized biomaterials.

3.3. Persistence of antigens in decellularized scaffolds
Persistence of the host immune response towards decellularized tissues implies that scaffold
acellularity alone is an insufficient outcome measure of adequate elimination of antigenicity
and the corresponding graft-specific host immune response. Indeed, both in vitro and in vivo
studies have demonstrated that known xenoantigens remain in acellular tissues subjected
only to decellularization processes. Goncalves et al. [5] reported persistence of one of the
most critical barriers to xenotransplantation, α-gal, on acellular bovine pericardium
following a hypotonic lysis-mediated decellularization approach similar to that used for
generation of SynerGraft porcine aortic valves coupled with SDC. Even more critically,
Kasimir et al. [59, 88] identified α-gal epitopes on an actual SynerGraft decellularized
porcine valve. Residual MHC I antigens have also been detected following hypotonic lysis
[5] or SDS decellularization [89] of bovine pericardium and osmotic lysis or Triton X-100
decellularization of rat aortic valve [90]. Consequently, persistence of either α-gal or MHC
antigens has substantial and potentially catastrophic implications on the longevity of
xenogeneic scaffold implants subjected to the human host immune response. No significant
increase in α-gal antibody titers was reported for seventy patients (59.2±9.3 years old) 12
months after implantation with AutoTissue Ltd™ Matrix P plus decellularized porcine heart
valves [72]. Similarly, Sandor et al. [14] observed a minimal increase in α-gal titers from
Old World monkeys—a discordant xenotransplantation model—during the 6 month period
following abdominal wall resection and repair using decellularized porcine SIS (Surgisis®
Gold) or acellular dermal matrix (Permacol® or CollaMend). However, the dramatic rise of
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graft-specific antibodies (directed at other unknown donor tissue antigens) in the serum
indicates that the processes employed to render these porcine tissues acellular failed to
eliminate unknown xenoantigens from the biomaterial, resulting in the development of an
immune reaction towards the implant. Therefore, it is clear that both known (α-gal and
MHC I) and unknown (against which graft-specific antibodies were produced) xenoantigens
persist in apparently acellular tissue scaffolds, demonstrating the deficiency of utilizing
scaffold acellularity as the sole outcome measure for assessment of tissue scaffold antigen
content.

3.4. Flawed fundamental assumptions of scaffold acellularity as a sole outcome measure
The failure of decellularization strategies alone to adequately reduce the immunological
barriers associated with xenotransplantation questions the validity of using scaffold
acellularity as the sole outcome measure for assessment of xenogeneic ECM scaffold
production methods. This insufficiency is rooted in the fundamental assumptions of
decellularization. First, decellularization assumes that xenoantigens are solely cellular in
origin. As a result, decellularization approaches focus on compromising the cell membrane
and eliminating the nucleus and other structural elements, as indicated by assessment of
residual nuclei, DNA, or cell components without demonstrated antigenicity. However,
ECM components themselves have been identified to elicit the host immune response.
Bovine collagen has been observed to induce an allergic reaction in 3% of the population,
resulting in foreign body granuloma formation [91] and necessitating employment of a skin
test for sensitivity to bovine collagen prior to administration of collagen-based products.
Antibodies against linear and conformational epitopes in bovine collagen type I, II, and III
have been found in sera of these hypersensitive individuals [91]. Furthermore, Griffiths et
al. [45] discovered several non-collagenous, matrix-associated xenoantigens in bovine
pericardium. The second assumption commonly made in decellularization work is that
assessment of residual cellularity (via residual nuclei counts under light or fluorescence
microscopy, residual DNA content, or persistence of structural cellular proteins without
confirmed antigenicity) serves as an appropriate indicator of residual antigenicity. However,
scanning electron microscopy [84] and near infrared multiphoton laser scanning microscopy
[63] of apparently acellular material have revealed residual cells and cellular debris,
illustrating that absence of nuclei does not equate to absence of cellular material. Cell debris
[8] and associated specific humoral [15, 16] and cell-mediated [16] xenograft rejection
responses have been implicated in tissue calcification. Thus, microcalcifications on SDS-
decellularized porcine aortic valve conduits 3 weeks after implantation into sheep further
supports the presence of residual cell debris on microscopically acellular tissue [51].
Additionally, persistence of the known α-gal [5, 59, 82, 88] and MHC I [5, 82, 89, 90]
xenoantigens, and development of graft-specific antibodies [14, 46, 82] following
decellularization treatments as discussed above underscores the concern that acellularity
alone does not accurately reflect residual antigenicity of tissue scaffolds. Finally, no
correlation was found between residual nuclei counts and either residual hydrophilic
antigenicity [92] or residual lipophilic antigenicity [89] of bovine pericardium. Highlighted
by the absence of a link between the nuclei within a tissue and remaining cell debris, known
antigens (α-gal or MHC I), or global antigenicity (graft-specific antibodies), tissue
acellularity alone is an inappropriate goal in determining the degree to which the antigenic
burden of a tissue or organ has been reduced. Concerns over the rigor of histological
analysis of scaffold acellularity, have prompted additional scaffold evaluation methods
including quantification of residual DNA content [7, 44, 46, 60, 70, 73–75] and residual
cellular proteins (not necessarily antigenic in nature) [7, 58, 74, 82]. Unfortunately, such
scaffold assessment methods still only inform the presence of cellular components with
neither confirmed nor denied antigenicity and thus do not actually ensure measurement of
persistent antigenic determinants. Assessment of DNA content is quantitative means to
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determine presence of nuclear remnants and still merely a surrogate for immunogenicity.
Similarly, evaluation of residual proteins—not determined to be antigenic—also represent a
means to infer immunogenicity without actually measuring persistence of antigens.
Collectively, these studies indicate that fundamental assumptions of decellularization and
subsequent use of acellularity as the only outcome measure of residual antigenicity are
inaccurate. That is, antigenic determinants are not merely associated with the cellular
fraction of a tissue and apparent elimination of nuclei, DNA, or cellular proteins without
confirmed antigenicity does not closely correlate with removal of antigenic components.

4. ANTIGEN REMOVAL
The shortcomings associated with use of decellularization and scaffold acellularity as the
only outcome measure for the generation of immunologically acceptable, unfixed,
xenogeneic scaffolds have reinforced the immediate need for improved strategies to remove
antigenic components of xenogeneic tissues and organs, and use of resultant scaffold
residual antigenicity as a more specific outcome measure. The antigen removal paradigm
avoids erroneous oversimplification of the immunogenicity problem as observed with
decellularization methods that merely target cell removal as a surrogate for removal of
antigens. Instead, antigen removal approaches (1) recognize that cellular and non-cellular
antigens within a tissue or organ both represent immunological barriers, (2) strive to
eliminate these sources of antigenicity, and (3) appreciate the need to assess residual
antigenicity and determine how this outcome measure translates to the ultimate goal of
generating immunologically acceptable, unfixed, tissue- and organ-derived scaffolds.

4.1. Targeted antigen removal
Targeted removal of specific, known xenoantigens has been greatly informative to the field
of antigen removal (Figure 1). Application of α-galactosidase for enzymatic removal of α-
gal epitopes has been shown to eliminate this specific, known xenoantigen from xenogeneic
tissues [5, 46, 53, 93]. Goncalves et al. [5] demonstrated the ability to target the removal of
α-gal from bovine pericardium using the enzyme α-galactosidase. Park et al. [93] showed
that human recombinant α-galactosidase could eliminate α-gal from porcine aortic valve and
pericardium in a tissue-specific and enzyme concentration-dependent manner. Nam et al.
[53] was able to avoid the use of potentially damaging acidic conditions required for optimal
human recombinant α-galactosidase activity through the use of Bacteroides
thetaiotaomicron-derived α-galactosidase for removal of α-gal from bovine pericardium. At
pH 7.2 and 4°C, the activity of bacterial-derived enzyme was 100 times greater than its
human recombinant analog. Xu et al. [46] subjected decellularized porcine dermis (porcine
acellular dermal matrix, PADM) to α-galactosidase treatment to generate Gal-reduced
PADM. This targeted removal of α-gal resulted in a reduction of the extensive α-gal
staining observed on PADM to resemble that of decellularized porcine dermis acquired from
Gal −/− pigs (Gal −/− PADM). Furthermore, the application of α-galactosidase to PADM
reduced anti-α-gal titers following subcutaneous implantation into the backs of vervet
monkeys, from a 32—64-fold increase with wild-type PADM over Gal −/− PADM to a
minimal <4-fold increase with Gal-reduced PADM over Gal −/− PADM. Indeed, the benefit
that stems from specific elimination of the α-gal xenoantigen from donor tissue has been
translated into the in vivo setting. For example, hearts [94] and kidneys [95] harvested from
Gal −/− pigs and implanted into baboons did not elicit hyperacute rejection, an α-gal-
mediated immune response normally associated with xenotransplantation. Additionally,
incidence of acute humoral xenograft rejection was reduced, occurring in only two out of
eight baboons. Graft survival was increased, to a median of 78 days and maximum of 179
days, compared to hearts from low α-gal expressing pigs which were rejected in 20 min by
the hyperacute response [94]. Kidneys derived from Gal −/− pigs survived beyond any other
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life-sustaining xenografts reported at the time of publication, up to 83 days, while
maintaining normal graft function and histology until death [95]. Although these studies
validate the ability to effectively and specifically target the removal of α-gal antigens from
xenogeneic tissues, and thereby avoid hyperacute rejection, this strategy alone is insufficient
for xenogeneic scaffold generation, particularly when expected to function in a critical site
such as a heart valve or whole organ. Organs derived from Gal −/− pigs are still unable to
survive acute humoral xenograft rejection [30, 34, 46, 94, 96]. Chen et al. [96] observed
increased levels of graft-specific, non-Gal antibodies following implantation of Gal −/−
porcine kidneys into baboons. Induction of these non-Gal antibodies elicited severe acute
humoral xenograft rejection, ultimately resulting in graft dysfunction and renal failure.
Similarly, a vervet monkey model of abdominal wall resection and repair revealed elevated
titers of graft-specific antibodies upon implantation of Gal −/− PADM over 6 months post-
implantation [46]. Thus, presence of non-Gal antigens in xenogeneic grafts elicits a graft-
specific, acute humoral immune response in non-human primate hosts. Identification of non-
Gal antigens on xenogeneic tissue is critical for methods to achieve targeted removal of
these xenoantigens to be developed. Incubation of a porcine endothelial cell lysate with
baboon sera against Gal −/− porcine kidney has implicated a 47 kDa protein in non-Gal
mediated immune rejection [96]. Griffiths et al. [45] identified 31 xenoantigens in bovine
pericardium resulting in IgG production in a rabbit host. However, attempts to determine
whether non-Gal xenoreactive antibodies exist in baboon and human sera towards a subset
of saccharides were inconclusive [97]. Unfortunately, such antigen identification studies are
time consuming to perform, and it is unclear whether targeted removal will be possible in all
cases. Thus, employing targeted removal of known antigens is still in a nascent stage and
requires greater understanding of tissue and organ antigenic components for expanded
implementation of this strategy.

4.2. Stepwise, solubilization-based antigen removal
Strategies to remove unknown antigenic components target groups of antigens by exploiting
their shared physiochemical properties (Figure 1). We have developed a solubility-based
antigen removal strategy grounded in the underlying principle that solubilization of tissue
components is necessary for their removal from the ECM. Solubilization-based antigen
removal is an adaptation of protein extraction techniques from proteomics wherein proteins
of interest are solubilized from cell lysate or homogenized tissue or organ into an extraction
buffer for downstream analysis. However, instead of processing lysate or homogenate,
solubilization-based antigen removal is performed on intact tissue for the generation of
immunologically acceptable, unfixed, tissue engineering scaffolds. The ultimate advantage
of a solubilization-based strategy for antigen removal is independence from identification of
individual antigens within a graft to accomplish their removal. Instead, subsets of antigens
can be removed based on shared physiochemical properties—solubility in antigen removal
solution—using principles of protein chemistry. The extraction of proteins from a tissue into
an aqueous solution during antigen removal is dependent upon its solubility in the antigen
removal buffer as a protein can only be extracted into a solution in which it is soluble [98,
99]. We tested the ability of reducing agent and salt, used to promote hydrophilic protein
solubility for extraction of proteins from homogenized bovine pericardium [45, 100], to
enhance the removal of antigens. Intracellular thioredoxin and glutathione systems maintain
a reducing environment within the cell, facilitating solubilization of hydrophilic,
cytoplasmic proteins [101]. During decellularization, cell lysis compromises maintenance of
hydrophilic proteins in a reduced state. In an oxidizing environment, the increased
propensity for disulfide bond formation between proteins leads to intermolecular
aggregation and precipitation from solution [102]. By preventing intermolecular disulfide
bridge formation [102–104], use of a reducing agent mitigates protein aggregation and
precipitation from solution [105]. Indeed, we demonstrated that inclusion of a reducing
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agent in antigen removal for hydrophile solubilization enhanced removal of hydrophilic
antigens in bovine pericardium [92]. Similarly, we also showed that use of salt further
promoted hydrophile solubilization and removal when incorporated into the antigen removal
buffer. Protein solubility is known to increase with the initial addition of salt to a solution
(salting in) and decrease as more salt is added (salting out) [106]. Maintenance of the
environment between the points of salting in and salting out disrupts intermolecular protein-
protein interactions, which in turn prevents intermolecular protein aggregation [106] and
facilitates protein solubilization for removal. Through incorporation of both a reducing agent
and salt, we were able to reduce residual hydrophilic antigenicity of bovine pericardium by
an additional 80% compared to decellularization by hypotonic solution or 60% compared to
decellularization by 0.1% SDS, without compromising scaffold structure-function properties
[92] (see 4.3 below for antigenicity assessment method). Thus, promoting hydrophile
solubilization represents a means to remove a subset of antigens based on a common
property without first determining their individual identities.

The ability to remove hydrophilic antigens by promoting hydrophile solubilization validates
the importance of solubilization-based antigen removal and underscores the need for a
multi-step antigen removal process. Hydrophilic antigens only represent one subset of
antigenic determinants within a tissue or organ. The unique primary amino acid sequences
of antigenic proteins within a tissue or organ result in a wide spectrum of solubilities and
inability of all proteins to be simultaneously solubilized by a single solution [107–109].
Thus, a stepwise approach is likely to be required for removal of protein subsets based on
differential solubility, with each step utilizing a different solution to facilitate removal of a
particular fraction of antigens (Figure 2). We subjected bovine pericardium to hydrophile
solubilization (promoted using a reducing agent and salt and represented in the illustration as
red molecules), followed by lipophilic protein solubilization (promoted using an amphiphile
and represented in the illustration as blue molecules), reducing residual lipophilic
antigenicity by an additional 60% and eliminating detection of the two most critical barriers
to xenotransplantation (α-gal and MHC I) while maintaining biomaterial structure-function
properties [89] (see 4.3 below for antigenicity assessment method). Ongoing work seeks to
determine whether these promising, in vitro findings can be translated into the in vivo
setting. However, early results following implantation of bovine pericardium following
stepwise, solubilization-based antigen removal in a small animal model indicate that
incorporation of such an approach is critical to reducing the recipient immune response to an
implanted biomaterial (data not yet published).

4.3. Assessment of residual antigenicity
Assessments of residual antigenicity have been employed to evaluate the antigen removal
efficiency of various techniques. The simplest method of determining persistence of known
antigens is immunohistochemical staining of tissue sections [5, 46, 59, 88–90]. However, the
presence of known antigens does not inform the presence of unknown antigens. Generation
of graft-specific antibodies towards persistent antigens post-implantation has been quantified
using an ELISA-based approach [14, 46]. Recipient sera collected pre-implantation and at
several time points post-implantation is used to probe immobilized graft homogenate to
determine fold change in graft-specific antibody titers compared to baseline over time. We
have developed a Western blot-based method for evaluating the persistence of antigens [89,
92]. Hydrophilic and lipophilic proteins sequentially and differentially extracted from
homogenized tissue are separated using gel electrophoresis and blotted onto a membrane.
Rabbit serum generated against untreated tissue—containing antibodies against all antigens
recognized within the native tissue—is used to probe proteins immobilized to the membrane
and IgG positivity is assessed. Intensity of the resultant banding pattern, an indication of
residual antigenicity, was determined using densitometry. Although these in vitro means of
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assessing residual antigenicity represent a more specific and rigorous approach than
evaluating residual cellular components to determine the efficacy of antigen removal, in vivo
assessment of host immune response will be essential to identify how these antigenicity-
based outcome measures correlate with in vivo recipient immune response towards and
longevity of the graft, and therefore serve as a success criterion of antigen removal.

5. FUTURE WORK
The initial intention behind decellularization was to reduce the antigenicity of a tissue or
organ to provide clinical therapies for human patients. Consideration of this goal is
fundamental in designing strategies to achieve this result, establishing appropriate outcome
measures, and determining success criteria. Tissue and organ antigenicity stems from the
presence of antigenic determinants. Therefore, persistence of antigens in tissue following
utilization of decellularization alone without consideration of additional antigen removal
will ultimately elicit recipient immune response following implantation. Research to date
suggests the following directions for future work: (1) aim for removal of antigens, (2) utilize
evaluation of scaffold antigenicity as a specific outcome measure of persistent antigens, and
(3) increase understanding of how the level of residual antigens translates to in vivo
outcomes.

The early success associated with stepwise, solubilization-based antigen removal is
encouraging, but still requires further investigation to fully characterize the benefits and
potential limitations of this technique. For instance, it is unknown whether such strategies, in
effectively eliminating antigenic tissue components, potentially reveal or create new
epitopes not accessible in native tissue. Also, it has yet to be determined if antigens that
persist following stepwise, solubilization-based antigen removal are sufficient to elicit in
vivo recipient immune response. It is possible that identification of persistent antigenic
determinants [45] may permit future development of targeted antigen removal approaches.
Ultimately, a combination of stepwise, solubilization-based removal of unknown antigens
with targeted removal of known antigens may provide sufficient reduction in scaffold
antigenicity to achieve the goal of an immunologically acceptable, unfixed, tissue- or organ-
derived scaffold (Figure 1). Furthermore, stepwise, solubilization-based antigen removal is
effective for molecules which can be solubilized. For antigens which may be associated with
insoluble components of the ECM, methods to specifically remove, modulate, or mask
epitopes may need to be applied. Additionally, targeted removal of other antigen classes,
e.g., carbohydrates [34], may also need to be considered. Finally, the ability to adapt these
antigen removal strategies to generation of whole organ scaffolds will need to be
determined. Due to the limit of diffusion, the size scale of whole organs will demand
utilization of a perfusion-based approach, much like those used for heart [67] or kidney [71]
decellularization. Nonetheless, antigen removal strategies, applied with or without
decellularization techniques, appear to be better aligned than decellularization alone towards
the ultimate goal of translating unfixed, tissue- or organ-derived scaffolds into clinical
applications.

Another critical take-away point from the literature is the need to actually evaluate antigenic
components of the tissue or organ as an outcome measure (Figure 1). Since the antigens
within a tissue are the targets of recipient immune system recognition and response, it is
vital that their presence in the scaffold and/or their ability to elicit the immune response is
assessed. While the cellular component of a tissue or organ is a source of antigens, it is not
the sole origin of the antigens. Therefore, graft cellularity alone without additional
evaluation of scaffold antigenicity is not an appropriate indicator of antigen removal.
Methods that assess binding of graft-specific antibodies; binding of antibodies against
known antigens; or migration, proliferation, or activation of inflammatory cells or

Wong and Griffiths Page 12

Acta Biomater. Author manuscript; available in PMC 2015 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



lymphocytes to the scaffold or scaffold extract in vitro are likely to more closely
approximate the potential of a biomaterial to elicit the in vivo recipient immune response
than methods that evaluate scaffold acellularity alone. However, in vivo studies to assess the
host immune response to scaffolds subjected to antigen removal will be required (1) to
determine which in vitro graft-specific antigenicity assessment(s) best correlate with the
actual in vivo response towards tissue-and organ-derived scaffolds, (2) to define a standard
for acceptable scaffold immunogenicity, and (3) to fully demonstrate the merit in this new
antigen removal paradigm.

One of the essential questions to be answered is what constitutes an acceptable amount of
residual antigenicity to render an unfixed, tissue- or organ-derived scaffold immunologically
acceptable following implantation. The success criterion for residual antigenicity is likely to
be tissue-/organ- and function-dependent. For instance, the use of an unfixed, tissue-derived
scaffold for hernia repairs is simply intended to close a defect in the wall of a body cavity.
Thus, incomplete removal of antigens, resulting in immune-mediated fibrosis and scarring,
may be considered an acceptable outcome in a hernia repair application. Indeed, favorable
outcomes with clinical use of decellularized scaffolds for hernia repair have been reported
[3]. In contrast, heart valves are expected to be elastic and pliable in order to maintain
unidirectional blood flow through the heart. Persistence of antigenicity leading to
subsequent fibrosis and stiffening of the valve leaflets (valvular stenosis) could drastically
reduce blood flow through the valve. Additionally, residual antigens and the associated
immune response have been shown to stimulate calcification of the biomaterial. These
localized regions of calcification prevent complete leaflet coaptation, resulting in retrograde
leaking of blood back through the valve (valvular insufficiency). The resultant compromise
in function is not an acceptable outcome of heart valve replacement. Therefore, the success
criterion for reduction of antigenicity is closely linked to graft function, and may be less
stringent for hernia repair than it is for heart valves. Tissues with more rigorous function
requirements, such as heart valves and whole organs (where scaffold-associated
inflammatory and immune responses are likely to impair graft function), will be more
sensitive to residual antigenicity of the graft. Another consideration to be made regarding
persistent antigenic components in the tissue is ECM turnover time. Whether cell-mediated
ECM remodeling through elimination of antigenic scaffold molecules decreases scaffold
antigenicity remains to be determined in future studies [73, 77]. However, if the time for
complete ECM turnover outpaces the time over which immune rejection occurs, then the
antigenic components can potentially be eliminated before a significant immune response is
mounted and the graft is destroyed. As ECM turnover has been shown to begin
approximately 1 month post-implantation and be completed by approximately 6 months
post-implantation [78], reduction of residual antigenicity to permit graft survival past 6
months may be sufficient to confer immunological-acceptance upon tissue- and organ-
derived scaffolds. Cell type will presumably be a key determinant of this critical ECM
turnover period. Quiescent cells may require more time to remodel ECM in comparison to
more active cells. It can be reasoned that the longer the period of time required for ECM
turnover, the further the scaffolds antigenicity will need to be reduced. In vivo models which
take into account the graft site and function will therefore be necessary to identify an
acceptable antigen burden for a graft—the threshold of residual antigenic material which
permits in vivo success [73]. Additionally, these models will need to include a relevant cell
population so that ECM turnover time in the context of adequately reduced scaffold
antigenicity can be better characterized. These studies will be instrumental in further
understanding the role of M2 macrophages recently attributed to the regenerative response
observed during scaffold remodeling [44]. Thus, the success criteria for amount of residual
antigens that can be tolerated by the recipient following implantation are likely to be largely
dependent on the ultimate function of the scaffold and ability of the graft to avoid immune
rejection until the ECM can be fully replaced by recipient matrix components.
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In addition to appropriately reduced antigenicity for maintained function in vivo, other
important considerations associated with antigen removal include compatibility of the
antigen removal treatment with scaffold structure-function properties, toxicity, and
recellularization potential. One of the main motivators for use of unfixed, tissue- or organ-
derived scaffolds, warranting attempts to overcome the immunological barriers, is the
inherent structure-function properties of the biomaterial. The ability to acquire a starting
material that does not require alteration of ECM structure to attain the necessary mechanical
properties is a substantial advantage for tissue- and organ-derived scaffolds. Indeed, an
immunologically acceptable, tissue- or organ-derived scaffold lacking the desired structure-
function properties is an inadequate result when a functional scaffold for tissue engineering
is the goal. Therefore, the ideal antigen removal strategy should not compromise ECM
structure or the resultant in vivo function. The disparate functions of the various tissues and
organs of the body will demand that all scaffolds be rigorously evaluated for maintained
biomaterial properties which are critical to the necessary physiological function. In the same
vein, a scaffold should neither be toxic to surrounding tissues with which it is in contact nor
distant tissues which may be adversely affected if a toxic chemical is retained in the scaffold
initially but later leached into the bloodstream. Consequently, chemical components of an
antigen removal protocol should be neither cytotoxic nor retained in the scaffold.
Assessment of scaffold toxicity may be performed through measurement of residual
chemicals in the scaffolds or maintenance of cell viability. As different cell types likely have
varying degrees of sensitivity to chemicals, all relevant cell types will need to be assessed.
Finally, the in vivo elimination of any residual antigenic components within a scaffold via
ECM turnover is dependent upon cellular repopulation of the graft. As mentioned above,
cell-secreted matrix metalloproteinases degrade ECM proteins, which may result in
liberation of previously insoluble antigens for clearance from the scaffold. Thus, cell-
mediated matrix turnover permits replacement of donor scaffold with recipient ECM,
ultimately promoting graft avoidance of immune rejection and increasing graft longevity.
Furthermore, cells are required to recapitulate biological function to the scaffold. Inability to
recellularize the graft represents an inability for the graft to adapt to the local environment
and to fully restore tissue functionality. Taken together, an ideal antigen removal strategy
renders a tissue- or organ-derived scaffold immunologically acceptable without
compromising structure-function properties, introducing scaffold toxicity, or eliminating the
recellularization capacity of the biomaterial.

In conclusion, the primary obstacle to the use of xenogeneic tissues and organs in clinical
applications is the presence of xenoantigens. Therefore, to overcome this hurdle, efforts
must focus on the antigens and their persistence in the xenograft. Firstly, strategies to
generate xenogeneic scaffolds must be aimed at removing the antigenic content of tissues
and organs. While decellularization strategies can be incorporated into such an approach,
relying on decellularization as the sole means to eliminate antigens is short-sighted.
Secondly, scaffold immunogenicity must be specifically evaluated via antigen content and/
or antigenic potential. Employment of only a surrogate for antigen content like residual
nuclei, residual DNA, or residual proteins (not known to be immunogenic) is problematic as
it relies on critical assumptions that have been demonstrated to be invalid. As scaffold
acellularity may still be an important goal, albeit secondary to reduced antigenicity, a
combinatorial approach utilizing both antigen removal and decellularization may represent a
promising xenogeneic scaffold generation strategy. Finally, for translation of an antigen
removal strategy into a therapy, in vivo assessment of the resultant scaffold will be essential.
Success criteria for the adequacy of antigen removal required to achieve an immunologically
acceptable outcome will be dependent upon the site of ultimate implantation and demand of
physiological function. Furthermore, the antigen removal strategy will be required to
maintain biomaterial structure-function properties and recellularization capacity. Successful
production of a functional tissue- or organ-derived scaffold for tissue engineering and
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regenerative medicine will be a significant step towards addressing the shortage of
replacement tissues and organs for patients worldwide.
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Figure 1. Antigenicity, antigen removal strategies, and scaffold assessment
Antigens within a tissue or organ can be categorized into those with known and currently
unknown identities. Known antigens may be removed using targeted approaches, such as
removal of α-gal antigens using α-galactosidase. Unknown antigens may be removed in
groups on the basis of shared physiochemical properties. Antigens which persist following
application of property-based removal strategies can be identified using discovery
techniques and then may be specifically targeted for removal. Both innate and adaptive
immune potential of scaffolds can then be assessed in vitro utilizing a variety of approaches
which allow for individual components of the immune system to be evaluated. Similarly, in
vivo methods to assess immunogenicity are also available which allow for evaluation of
various immune components. The extent to which each in vitro assessment method
correlates with recipient graft-specific in vivo response has yet to be determined.
Clarification of such correlations between in vitro assessments and in vivo outcome will be
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critical in determining which of the available in vitro assessment method(s) most accurately
predict in vivo response and ultimately become a standard for measuring scaffold
immunogenicity.
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Figure 2. Stepwise, solubilization-based antigen removal
Untreated, native tissue is represented by a cell on the surrounding ECM. Antigenic
components of tissues have been simplified in this illustration to be either hydrophilic (red)
or lipophilic (blue). Following hypotonic lysis of the cell membrane, hydrophiles—both
intra- and extracellular—are maintained in solution by presence of reducing agent and salt
for subsequent removal. Then, lipophile solubilization is promoted by ASB-14 for
subsequent removal. Removal of antigens in this sequential and differential manner has been
shown to significantly reduce antigens without compromising the structure-function
properties of bovine pericardium.
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