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Abstract

We have evaluated the development of antibodies in response to donor allograft
valve implant in patients who received cellularized and decellularized allografts
and determined possible immunogenic epitopes considered responsible for antibodies
reactivity. Serum samples from all recipients who received cellularized allografts or
decellularized allografts were collected before valve replacement and at 5, 10, 30 and
90 days post-operatively and frozen until required. Tests were performed using the
Luminex-based single human leukocyte antigen (HLA)-A, -B, -C and HLA-DR, -DQ
antigen microsphere assay. To determine possible immunogenic epitopes, we used
the HLAMatchmaker (HLAMM) software if applicable. Decellularized grafts elicited
lower levels of anti-HLA class I and II antibody formation after implantation than
cellularized allografts. All patients from cellularized group presented donor-specific
antibodies class I and II within 3 months of observation period. In HLAMM analysis,
the cellularized group had significantly higher numbers of immunogenic epitopes than
decellularized group for both class I and II (p: 0.002 —cl I / p: 0.009 —cl II / p:
0.004 — cl I and II). Our findings demonstrate that the anti-HLA antibodies detected
in the cellularized group were against donor HLA possible immunogenic epitopes
and that in the decellularized group the anti-HLA antibodies were not against donor
HLA possible immunogenic epitopes. These findings lead us to suggest that choosing
sodium dodecyl sulfate decellularization process is the best alternative to decrease
the immunogenicity of allograft valve transplant.

Valve transplant with biological tissue have been used since
1962 (1, 2). Allograft valves are the most useful biological
prostheses for valve replacement (3-5). Although these pros-
theses are efficient and reduce substantially the morbidity and
mortality, there are still design issues and a non-effective
response of the body to the implanted materials (6). In aortic
position, the allograft presents a significant structural dete-
rioration in the first 10 years post-implantation (7, 8), and in
pulmonary position, graft stenosis can prevent long-term dura-
bility (9). Most of the patients who received cryopreserved
allograft developed humoral antibodies against human leuko-
cyte antigens (HLA), which are specific against transplanted
tissues (10—12).

In solid organ transplantation, the presence of donor-derived
dendritic cells in allogenic tissue has been appointed to play an
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important role in the immune activation of recipient by direct
antigen presentation (13). Studies have shown that the absence
of dendritic cells (antigen presenting cells) in cryopreserved
valve allografts is compensated by the preservation of other
cells expressing HLA class II molecules predominantly in the
endothelium which may be responsible for the initiation of a
specific immune response against heart valve allograft (14).
Tissue engineering has been used to overcome these lim-
itations and promising approaches using decellularized heart
valve allografts (15) intend to avoid the immune response (5).
Experimental and clinical experience with decellularization
process have been gained with porcine tissue (16), ovine tis-
sue (17) and subsequently, human tissue (5). Several methods
have been developed to produce completely acellular heart
valve tissue matrices using multistep detergent-enzymatic
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extraction (18), Triton detergent (16), trypsin/ethylenediamin-
etetraacetic acid (19), deoxicolic acid (20), RNAse and
DNAse (15). Meyer et al. (21) studied the reduction of
immune response to aortic valve allografts by the decellu-
larization process in rats. They concluded that decellulariza-
tion significantly reduces the cellular and humoral immune
response to allograft tissue.

On the other hand, Zehr (22) and Bechtel et al. (23) pro-
vides convincing evidence that the SynerGraft™ decellulariza-
tion technology successfully removed antigens from an aortic
and pulmonary allograft. Another protocol, using sodium
dodecyl sulfate (SDS) in the presence of protease inhibitors,
was successful for heart valve decellularization (24). Costa
et al. (25, 26) demonstrated that decellularized allografts are
less immunogenic than cryopreserved allografts and had nor-
mal and stable hemodynamic performance up to 18 months
post-operatively. They compared the immunological and
echocardiographic data of decellularized (AutoTissue Ltd™,
Berlin, Germany) vs cryopreserved allografts used for right
ventricular outflow tract (RVOT) reconstruction during Ross
operation.

To evaluate the efficacy of the decellularization process in
decreasing or preventing the development of humoral antibod-
ies in response to donor allograft valve implant, the presence
of anti-HLA antibodies was analyzed using the Luminex-
based single HLA-A, -B, -C and HLA-DR, -DQ antigen
microsphere assay in patients implanted with a cryopre-
served allograft valve (CAV) or AutoTissue Ltd™-treated allo-
graft valve or SDS-treated allograft valve. Additionally, HLA
class I and II mismatches between recipient and donor were
analyzed with HLAMatchmaker (HLAMM) algorithm (27),
to determine the possible immunogenic epitopes that were
responsible for antibodies reactivity.

Twelve patients, who underwent an aortic or pulmonary
valve replacement between October 2005 and March 2009,
were studied prospectively. Group 1 consisted of six patients
who received cellularized allograft valve (median age 59 years,
age range 30—75 years; four males, two females, five aortic

Table 1 Group 1 - cellularized patient information
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valves and one pulmonary valve) and Group 2 with six
patients who received SDS 0.1% decellularized allograft valve
(median age 38.6 years, age range 24-49 years; one male,
five females, one aortic valve and five pulmonary valves).
The preoperative and surgical characteristics of the patients
are listed in Table 1. Despite the group heterogeneity, no
major differences that would influence the results were found
between the two groups. The choice of allograft size was done
in accordance to patient surface area, but as a general rule the
biggest allograft available was implanted with a deliberate
over sizing policy. The study was conducted in accordance
with institutional guidelines and has been approved by the
Ethical Committee of Pontifical Catholic University of Parana
(PUCPR) registered as number 1305. Before being enrolled,
patients signed the informed consent to participate in the
study.

Operative technique

All operations were done through a median sternotomy
with cardiopulmonary bypass and mild to moderate systemic
hypothermia (30—32°C). Myocardial protection was achieved
with administration of doses of intermittent antegrade cold
blood cardioplegia through the coronary ostia every
10-30 min. The pulmonary autografts were implanted as a
root replacement in all cases and the RVOT was reconstructed
with interposition of an allograft with running sutures of
polypropylene 4-0 for both the proximal and distal sutures
lines. No extension of the allograft with pericardial patches in
the proximal suture line was used.

Allografts preparation

The allografts were obtained from donation after cardiac
death and were prepared by the Human Cardiac Valve Bank
of Santa Casa of Misericordia of Curitiba (BVCHSC). The
cryopreservation was done according to previously published
methods (26). The valves were prepared following standard

Patient Gender Age (years) Valve origin Indication Valve size Hemoderivative ABO
PAC1C M 56 Aortic Aortic stenosis 26 Erythrocytes (OF
PAC2C F 51 Aortic Aortic insufficiency 23 Platelets, plasma, erythrocytes A+
PAC3C M 69 Aortic Aortic aneurysm 22 Plasma, erythrocytes A+
PAC4C F 75 Aortic Aortic stenosis 22 Platelets, plasma, erythrocytes NI

PAC5C M 73 Aortic Double aortic lesion 22 Platelets, plasma, erythrocytes NI

PAC6C M 30 Pulmonary Aortic insufficiency 24 Erythrocytes (O
PAC1D F 48 Pulmonary Aortic stenosis 23 Plasma, erythrocytes O+
PAC2D F 23 Pulmonary Aortic stenosis 24 Erythrocytes O+
PAC3D F 44 Pulmonary Aortic insufficiency 23 Plasma, erythrocytes O+
PAC4D M 25 Pulmonary Aortic stenosis 24 Platelets, plasma, erythrocytes NI

PACBD F 49 Pulmonary Aortic insufficiency 24 Platelets, plasma, erythrocytes O+
PAC6D F 43 Aortic Aortic insufficiency 23 Erythrocytes B+

NI, not informed.
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protocols and decellularized by a proprietary process (28).
All allografts were first cryopreserved and when required
were decellularized. The choice of the valve prostheses
occurred according to patient needs, allograft availability and
implantation technique.

HLA typing of valve donor and recipient

Blood samples with ethylenediaminetetraacetic acid (EDTA)
anticoagulant were collected from all valve donors and
obtained from allograft valve bank. Recipients’ blood samples
with EDTA anticoagulant were obtained before or after valve
transplant. All recipients and valve donors were typed for
HLA-A, -B and -DR (PCR-SSO LABType® Class I and
II; One Lambda Inc., Canoga Park, CA) following the
recommendation of provider.

Anti-HLA antibodies detection

Serum samples from all recipients were collected before valve
replacement and at 5, 10, 30 and 90 days post-operatively
and stored at —20°C until required. Anti-HLA antibodies
detection tests were done using Luminex Single antigen bead
assay (LABScreen™ Single Antigen Class 1 and II; One
Lambda Inc.). These methodology uses microbeads coated
with purified class I or class II HLA antigens and pre-
optimized reagents for the detection of class I or class I HLA
antibodies in human sera. In Luminex Single antigen bead
assay, singles beads are used to focus on reactions against
one or a few antigens, e.g. to compare reactivity of different
serum samples from the same individual (29). Data acquisition
was done by LABScan® 100 flow analyzer (One Lambda
Inc.) that detects fluorescent emissions of each bead. Results
were analyzed using HLA Fusion” software. The cut-off used
was any MFI (medium of fluorescent intensity) value over
500.

Antibody reactivity patterns with
HLAMatchmaker

HLAMM is a computer software that determines the HLA
compatibility at the structural level (27, 30). In HLAMM,
each HLA antigen is viewed as a string of epitopes rep-
resented by short sequences involving polymorphic amino
acid residues in antibody-accessible positions and by longer
sequences and amino acid residues in discontinuous sequence
positions which are called eplets. These eplets are considered
as key elements of epitopes that can elicit specific alloanti-
bodies (30).

Positive antibody detection results of this study were
submitted to HLAMM (2008 version) analysis to determine
HLA compatibility at the structural level (30). The first step
of a HLAMM serum analysis is to identify alleles that
are responsible to reveal negative antibodies reactions. Such
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alleles can be expected to have eplets that are not recognized
by patient’s antibodies and from these eplets together with
the patient’s own eplets we can identify the ones that may
be responsible for the positive antibodies reactions and,
furthermore, if the possible immunogenic eplets are from
donor-specific molecules.

The methodology used for donor and patient HLA typing
does not give high resolution four digit alleles. But for
HLAMM analysis, four digit alleles information is necessary.
Because of that, the HLA-DRBI1 four digit information was
determined by the most frequent allele in a comparable
population. The allele frequency used was that one described
in the HLAMM program. Moreover, patient and donors did
not have their HLA typing for -DRB3/4/5, -DQA1 and DQB1
alleles. In order to realize a complete HLAMM class II
analysis, the HLA-DRB3/4/5 and —DQA/-DQB alleles were
determined using the most frequent allele association between
alleles HLA-DRB1 and alleles HLA-DRB3/4/5 and -DQA/-
DQB, described at HLAMM software.

Statistical analysis

Results were expressed by median, minimum values and max-
imum values or by frequencies and percentage. To compare
groups regarding the number of antigenic epitopes we used
Mann—Whitney test. To prove the probability of antigenic
epitopes presence, groups were compared using Fisher test.
P < 0.05 was statistically significant. The data were orga-
nized in a Microsoft Excel spreadsheet and analyzed by Sta-
tistica 8.0.

Results

This pilot study compares the two methods of valve preserva-
tion, with and without donor cells. For that, initially, the focus
was the HLA compatibility between recipients and donors in
both groups (Table 2). We observed higher than five HLA
antigens mismatches between recipients and donors for class
I and II in cellularized and decellularized group. The next
step was the Luminex Single antigen bead assay analysis. In
group 1, we observed that all recipients were reactive for
both class I and II. In this group, two recipients presented
class I DSA (donor-specific antibodies) in pre-transplant and
developed class II DSA during post-transplant monitoring.
The other four recipients of the same group developed class I
and IT DSA after the transplant. In the group 2, one recipient
did not present anti-HLA antibodies in any analyzed sample.
One presented class I DSA already in pre-transplant sample
and class II DSA within 3 months of the observation period.
The other four patients developed class I DSA during post-
transplant monitoring. Two of them presented class II DSA
during the observation period. After statistical analysis, we
observed that the development of DSA in post-transplant of
both groups (1 and 2) was statistically significant only for
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Table 2 HLA compatibility between recipients—donors in both groups and antibody detection information?

DSA DSA

before after

A* A* B* B* DRB71* DRB1* DRB DRB  DQAT* DQAT* DQBT* DQB1* MM  TX X

Group 1 PAC1C Recipient 01:01 68:01 08:01 44:02 03:01 11:01 3*02:02 3*01:01 05:01 01:.02 | 02.01 03:01 5 No Yes
Donor [07:01 08:01 57:01 03:01 07:.01 302:02 4*01:.01 05:01 02:01 02:01 03:03

PAC2C Recipient 07:.01 23:01 44:02 81:01 07:01 11:.01 4*01:01 3*02:02 02:01 05:01 03:03 03:01 11 No Yes
Donor  37:01 33:01 39:01 44:03 08:01 15:01 5*01:01 04:.01 01:02 04:02 06:02

PAC3C Recipient 24:02 25:01 15:01 44:02 13:02 14:01 3*03:01 3*02:02 01:02 01:04 05:01 0503 12  Yes Yes
Donor  02:01 68:01 40:01 51:01 04:01 13:01 4*01:01 3*01:01 03:02 01:03 03:01 06:03

PAC4C Recipient 25:01 32:01 18:01 27:.05 01:01 15:01 5*01:01 01:.02 01:.01 05:.01  06:02 10 Yes Yes
Donor  02:01 31:.01 07:02 50:01 11:01 13:01 3*01:01 3*02:02  01:02 05:01 03:01 06:02

PAC5C Recipient 29:01 30:01 41:01 44:03 04:03 07:01 4*01:01 02:.01 03:01 02:02 03:02 10 No Yes
Donor  02:01 11:01 11:01 14:01 3*02:01 3*02:02 01:.02 03:01 05:01 06:02

PAC6C Recipient 02:01 01:01 40:01 570:1 04:08 11:04 4*01:01 3*02:02 03:02 05:01 03.01 03:01 7 No Yes
Donor [02:01 03:.01 07:02 40:04 04:11 09:01 4*01:01 03:02 03:02 04:02

Group 2 PAC1D Recipient 02:05 24:02 08:01 57:.01 03:.01 16:02 3*02:02 5*01:01 05:01 01:.02 05:02 @ 02:01 11 Yes Yes
Donor  02:01 03:.01 15:17 51:01 04:.07 13:01 [3*02:02 4*01:01 03.01 01:03 06:03 03:02

PAC2D Recipient 07:01 24:02 08:01 35:04 03:01 04:04 3%02:02 4*01:01 01:.02 03:.01  02:.01 03:02 8 No No
Donor  03:01 29:02 15:10 44:03 03:01 11:01 [3*02:02 3*01:01  01:02 05:01 @ 02:01 03:01

PAC3D Recipient 102:01 30:02 44:02 57:03 11:01 13:01 3%02:02 3*02:02 05.01  01:03 03.01 06:03 8 No Yes
Donor [ 02:01 35:01 52:01 03.01 15:02 3*02:02 5:01:.01 01:02 01.03 02:01 06:01

PACAD Recipient 07:01 26:01 35:01 51:01 07:01 11:04 3*02:02 4*01:01 02:.01 05:01  02:02 03.01 9 No Yes
Donor  02:05 30:02 35:03 50:01 07:01 14:01 3*01:01 4*01:01 01:.04 02:01  02:02 05:03

PAC5D Recipient 103:01 02:01 [07:02 51:01 04:01 11:01 4*01:01 3*02:02 01:.02 03:02 03.01 | 06:02 8 No Yes
Donor 103:01 24:02 07:02 52:01 04:04 15:01 4*01:01 5*01:01 01:.03 03:01 03:02 06:02

PAC6D Recipient 26:01 29:01 44:02 51:02 07:.01 08:01 4*01.:01 02:01 04:01 04:02 02:01 11 No Yes
Donor  03:01 24:02 07:02 52:01 04:04 15:01 4*01:01 5*01:01 01:.02 03:01 03:02 06:02

MVI, mismatches.

8Gray shade indicates the matching between recipient and donor HLA molecules.

class I (P = 0.015). The detection of de novo DSA occurred
in different monitoring periods (5, 10, 30 and 90 days after
transplant) for each patient. All patients received hemoderiva-
tives which included platelets concentrate, fresh plasma and/or
erythrocytes concentrate (Table 1). The kind of hemoderiva-
tives received did not matter in the analysis.

DSA present in pre-transplant samples could not be con-
sidered developed against the allograft, since already exis-
tent before transplant. However, there was an increase of the
MFI values of DSA in post-transplant monitoring for both
groups.

Analyzing Luminex Single antigen bead assay results with
HLAMM, we observed that HLA molecules, which we found
antibodies against in the post-transplant serum of group 2,
did not share or share only few eplets with donor-specific
molecules in comparison to group 1 (Tables 3-5). In group 1,
we could observe that almost all antibodies reactions shared
possible immunogenic eplets with donors HLA molecules
(Tables 3-5).

Additionally, we observed that the number of donor-specific
immunogenic eplets was significantly higher in group 1 than
in group 2 (Figure 1A—C). In group 1, we found a median
of 12.5 for class I, 25.5 for class II and 37 for class I/II. In
group 2, we found a median of 1 for class I, O for class II
and 3 for class I/Il. The P value was significant for class

168

I (P =0.002), class II P =0.009) and also for class I/I
(P = 0.004).

Discussion

The specificity of DSA is determined by the result of
the Luminex Single antigen bead test and the typing of
the valve donor (29). All the patients of the study were
analyzed by this way. In the post-transplant of cryopreserved
allografts, transplant are directly related to donor-specific
immune response, which we have not seen in decellularized
allografts transplant, which can be explained by a reduced
immune response following decellularized valve transplant
and that the use of cryopreserved allografts could induce a
higher donor-specific immune response.

The allografts induce anti-HLA antibodies even in this
rather short follow-up period. Group 1 showed in many cases
an increase in the mean value of fluorescence intensity (MFI)
of these alloantibodies during the sera monitoring. The MFI
of antibodies in group 2 did not present this pattern.

According to Fischlein et al. (31), the cryopreservation
of allograft valve represents a cell- and tissue-protective
preservation. In their study, they showed that all allograft
valves caused immunologic reactions post-operatively, prob-
ably because of graft endothelium cell membranes are human
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Figure 1 Comparison of number of donor-specific immunogenic
epitopes: (A) for class |, (B) for class Il and (C) for class I/II.

lymphocyte antigen class I and II positive and endothelial
antigens present the primary immunologic stimulus.
Moreover, Welters et al. (32) demonstrated that cryopreser-
vation allows preservation of endothelial and valve archi-
tecture and viability of presumed improved durability and
convenience of long-term storage. Immunologically, however,
better preservation of allograft and endothelium viability may
actually sustain immunogenicity and elicit a more vigor-
ous immunologic reaction from the recipient; this response
can theoretically contribute to accelerated degeneration of
allograft valves or patch material. In the other hand, Yap
et al. (33) studied the influence of anti-HLA antibodies in
CAV implantation and concluded that the clinical significance
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of their findings was unclear, as no correlation was found
between the prevalence of anti-HLA antibody and echocardio-
graphic parameters of valve dysfunction at a mean of 3.5 years
follow-up.

In order to evaluate the best choice of valve allograft treat-
ment, we analyzed the alloantibodies development during the
post-transplant period. We observed that in a first moment
(between 3 months), decellularization protocol presented more
benefits for valve allograft transplant than only cryopreser-
vation protocol because the development of alloantibodies in
patients who received decellularized valve allograft was lower
than in the patients who received cryopreserved valve allo-
graft. It could be determined because of the number of DSA
specificities after transplant was higher for cellularized group.
This finding corroborates Elkins et al. (5, 17) who demon-
strated that decellularization process is a method of choice in
attempting to reduce the antigenic response in cryopreserved
tissue.

Tissue-engineered heart valves have several potential advan-
tages over currently used prostheses, such as a potential
growth capacity, greater durability and the opportunity to
use viable, autologous cells that can utilize body’s mecha-
nisms to repair and remodel (16). Several distinct methods
of decellularization have been employed which can explain
disparities in the experimental and clinical outcomes (17).
Meyer et al. (21) demonstrated that decellularization of aor-
tic valve allografts is associated with a significant reduction
in cellular and humoral immune responses to levels shown
with non-immunogenic syngenic tissue. They thought that this
could prolong the durability of valve allografts and might
prevent immunologic sensitization of allografts recipients. In
the same way, Costa et al. (25) evaluated ELISA PRA results
and echocardiographic exams. They observed that decellular-
ized allografts (AutoTissue Ltd™) were less antigenic than
cryopreserved allografts, exhibited normal hemodynamic per-
formance in the right side of the circulation and have yielded
stable results up to months post-operatively.

Dignan et al. (12) showed that HLA class II antigens mis-
match was significantly associated with structural degenera-
tion in patients receiving an aortic allograft valve who were
followed for >years. They also demonstrated a trend toward
increased structural deterioration in patients with two or more
mismatches of class I, B antigens. Likewise, in our findings,
the HLA antigens mismatches for class I and II, we found
that they were higher than five mismatches, and they appeared
more for HLA class II in both groups.

In addition to the analysis of the presence of DSA, we
also analyzed the presence of possible immunogenic epitopes
specific to donor HLA molecules. This analysis was done by
the HLAMM program, which can be used not only for HLA
compatibility studies but also to analyze serum screening for
sensitized patients (38).

One of the concepts of HLAMM is that HLA typing
differences between antibody producer and immunizer will

© 2012 John Wiley & Sons A/S
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define the mismatched eplet repertoire which the patient
has been exposed to and this information facilitates the
interpretation of serum-screening results (39). Analysis of
antibody reactivity patterns with HLA panels may distinguish
reactive and non-reactive eplets so that specific donor HLA
response can be confirmed and the responsible eplet for the
response determined.

Our data showed that the immune response, especially
in the group 1, was managed by donor-specific epitopes.
These findings were possible because we had patient and
valve allograft donor HLA typing information. When we
compared the donor eplets with the possible immunogenic
eplets recognized by the recipient’s antibodies, we observed
that the majority of these eplets were shared with donor HLA
molecules, and this observation was significant in group 1. Cai
and Terasaki (34) reported that the identification of the HLA
epitopes should be helpful distinguishing DSA from natural
antibodies, which appear to be produced in response to non-
HLA environmental stimuli.

This kind of analysis is pioneer in valve allograft trans-
plant, but we can find data about other kinds of transplant
as heart transplant and most commonly renal transplant.
Kosmoliaptsis et al. (35) demonstrated that the number of epi-
topes mismatched between an alloantigen and the host HLA
type determined using the HLAMM algorithm, correlates
closely with both development and strength of an alloantibody
response. Dankers et al. (36) performed further analysis of
sera from patients who had rejected kidney allografts and indi-
cated that the chance for a patient to develop donor-specific
alloantibodies directed against mismatched HLA class I anti-
gen is directly related to the number of mismatched epitopes
present on that allogenic HLA molecules. Similarly, Perdsaari
et al. (37) studied eplet mismatches defined by HLAMM pro-
gram in pediatric heart transplant and suggested that the
eplet mismatch number was associated with the development
of HLA antibody-mediated complications such as coronary
artery disease.

Despite the small number of patients studied in our
report, we could demonstrate with Luminex Single antigen
bead results and HLAMM analysis that choosing the SDS
decellularization (PUC solution) process can be an effective
alternative to decrease the immunogenicity of allograft valve
transplant. Furthermore, the finding of high presence of anti-
HLA antibodies in patients underwent cellularized allograft
valve transplant shows the importance of donor and recipi-
ent HLA compatibility analysis before valve transplantation.
The clinical significance of these findings requires further
investigation.
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