
Brief Communication

Identification of HLA-DR4-restricted
immunogenic peptide derived from
xenogenic porcine major histocompatibility
complex class I molecule

Introduction

Miniature swine organs are attractive as potential
donors for clinical xenotransplantation due to their
size and physiologic similarities to human organs
[1,2]. However, human immune responses against
the xenograft leading to rejection remain a major
barrier against successful xenotransplantation.
Acute rejection occurs due to natural preformed
xenoreactive antibodies and complement activation.
To solve this problem, genetically engineered pigs,
such as the alpha-1,3-galactosyltransferase (aGT)-
knockout pigs, have been generated [3,4]. Even
when hyperacute rejection can be overcome, xeno-
transplants may still undergo destruction by T cells,
which have been reported to be one of the major cell
types inducing delayed xenograft rejection [5–7].

Human T cells recognize foreign porcine major
histocompatibility complex (MHC) molecules,
such as the swine leukocyte antigen, SLA, by two
different routes, direct and indirect recognition
[8–10]. On the one hand, human T cells recognize
intact SLA proteins on the surface of porcine cells
in direct xenorecognition. In indirect xenorecogni-
tion, on the other hand, human T cells are
activated by SLA-derived peptides that are pro-
cessed and presented in the context of human
MHC molecules on human antigen-presenting cells
(APCs). T-cell-mediated xenorejection responses
are reported to be mediated primarily by CD4+ T
cells, and the activation of xenospecific CD4+ T
cells occurs mostly from indirect recognition of
xenoantigens [11,12]. Therefore, the identification
of SLA-derived peptides presented by human class
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II MHC molecules may help advance the develop-
ment of strategies to mitigate human CD4+ T-cell-
mediated xenorejection.
In this study, we identified SLA class I-derived

indirect epitopes that can bind HLA-DRB1*0401, a
representative of the DR4 supertype [13]. HLA-
DRB1*0401-restricted peptides derived from SLA
class I were predicted using a computer-assisted
algorithm (SYFPEITHI program), and were syn-
thesized, and their binding capacities to HLA-
DRB1*0401 were compared via competitive ELISA
using biotinylated hemagglutinin peptide HA307-319

as a reporter peptide.TheSLApeptide exhibiting the
most potent binding capacity to HLA-DRB1*0401
in vitro, LRSWTAADTAAQISK, was shown
to induce robust CD4+ Th1 responses in vivo in
HLA-DRB1*0401 transgenic mice.

Material and methods

Epitope prediction and synthesis

Computer analysis was used to predict SLA class I-
derived peptides with HLA-DRB1*0401-binding
motifs, with the aid of the SYFPEITHI software
program database (http://www.syfpeithi.de). SLA
class I-derived peptides and the reporter peptide,
HA307–319 (PKYVKQNTLKLAT), were synthe-
sized by the Peptron Co. Ltd (Taejeon, Korea).
The reporter peptide was biotinylated with bioti-
nyl-6-aminocaproic acid on the N-terminus. The
purity of the peptides was >90% as determined by
HPLC using the Shiseido Capcell Pak C18 column
(Shiseido, Tokyo, Japan). Peptides were dissolved
in 100% dimethyl sulfoxide.

Animal

Transgenic mice expressing the antigen-binding
domains of HLA-DRA and HLA-DRB1*0401
(Abb Knockout/Transgenic HLA-DR4) were pur-
chased from Taconic Farm, Inc. (Hudson, NY,
USA). The transgenic mice do not express I-Aab
or I-Eab and possess normal range of CD4+ T
cells in the thymus and spleen, although T cells
expressing Vb5, Vb11, and Vb12 are specifically
deleted [14]. The mice were kept under specific
pathogen-free conditions and fed autoclaved food
and water. Eight- to twelve-week-old and sex-
matched mice were used in all experiments. Each
experiment included 3 to 5 mice per group.

Preparation of PRIESS cell lysate containing HLA-DR4

An EBV-transformed human B lymphoblastoid
cell line (PRIESS) expressing human HLA-DRB1

*0401 was purchased from European Collection of
Cell Cultures (ECACC, Salisbury, UK). Briefly,
cells were lysed on ice at 108 cells/ml in 1%
Nonidet P40 (NP), 150 mm NaCl, 25 mm iodoac-
etamide, 2 mm PMSF, 20 lg/ml aprotinin in
0.05 m sodium phosphate buffer (pH 7.5) for 1 h.
The cell lysate was centrifuged at 4000 g for
10 min. The supernatant was collected and added
to 0.2 volume of 5% sodium deoxycholate for
10 min on ice. Debris and nuclei were removed
from the cell lysate by centrifugation at 28 500 g
for 100 min at 4 �C. For competitive ELISA, the
lysate was diluted with citrate/phosphate buffer
containing 4% NP, 2 mm PMSF, 20 lg/ml apro-
tinin, 5 mm EDTA, 0.15 m NaCl, and 0.02%
NaN3.

Peptide-binding blocking assay

Peptide binding toHLA-DRB1*0401moleculeswas
assessed by competitive ELISA using the biotiny-
lated hemagglutinin peptide (PKYVKQNTLKLAT,
HA307-319) as the reporter peptide. Briefly, mono-
clonal antibodies specific for HLA-DRB1*0401,
produced from a hybridoma L243 (American Type
Culture Collection, Manassas, VA, USA), were
coated onto a 96-well microtiter plate (2 lg/well)
and incubated overnight at 4 �C, and the plate was
blocked with 10% fetal calf serum in PBS (assay
diluent) for 1 h at room temperature. PRIESS cell
lysate was added to the plate, followed by a 2-h
incubation at room temperature.Afterwashingwith
PBS containing 0.05% Tween-20 (wash buffer),
mixtures of biotinylated reporter peptide (1 lm) and
different concentrations of competitor peptides (0 to
1000 nm) were added, and the plate was incubated
overnight at 37 �C.Excess peptideswere removedby
washing with PBS containing 0.05% Tween-20. To
bind the biotinylated peptide, the samples were
incubated with streptavidin–alkaline phosphatase
conjugate (Sigma-Aldrich, St. Louis, MO, USA),
washed, then again incubated with 4-methylumbel-
liferyl phosphate substrate (Sigma-Aldrich). Emit-
ted fluorescence was measured at 440 nm upon
excitation at 360 nm on a SpectraMax M2 Micro-
plate Reader (Molecular Devices, Sunnyvale, CA,
USA). Data were expressed as the peptide concen-
trations resulted in 50% inhibition of biotinylated
reporter peptide binding (IC50).

In vivo T-cell priming and re-stimulation

Immunization of HLA-DRB1*0401 transgenic
mice was conducted by subcutaneously injecting
50 lg of peptide-11 dissolved in 100 ll of PBS and
emulsified with a comparable volume of complete
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Freund’s adjuvant (CFA; Sigma-Aldrich). Mice
were sacrificed at day 13, and spleens and lymph
nodes were harvested. Single-cell suspensions were
prepared from the spleens and lymph nodes and
plated at 5 · 105 cells/well on 96-well plates. In
each well, cells were re-stimulated with 1 lm of
peptide-11 for 72 h at 37 �C in an incubator
containing 5% CO2. Supernatants were then
harvested and stored at )20 �C until needed.
Concentrations of IFN-c (Th1-specific) and IL-4
(Th2-specific) in the culture supernatants were
determined by sandwich enzyme-linked immuno-
sorbent assays (ELISA) (BD Biosciences, San Jose,
CA, USA). To determine cell proliferation, DNA
synthesis was measured by [3H]-thymidine
(1.0 lCi/well; New England Nuclear, Boston,
MA, USA) incorporation during the final 16 h of
the culture period.

Peptide-11-specific antibody detection

Peripheral blood serum samples obtained from
HLA-DRB1*0401 transgenic mice immunized with
50 lg of peptide-11 emulsified with CFA were
tested for the presence of peptide-11-specific anti-
body (Ab) using an indirect binding assay. Briefly,
96-well ELISA plates were coated with 100 ll/well
of peptide-11 (10 lg/ml) for overnight at 4 �C and
then washed three times with wash buffer. Plates
were blocked with 200 ll of assay diluent, and
bound anti-peptide-11 Ab was detected with
100 ll/well biotin-goat-anti-mouse Ig (BD Bio-
sciences). Following incubation for 1 h at 37 �C,
plates were washed and added with streptavidin–
alkaline phosphatase conjugate, washed, then
again incubated with 4-methylumbelliferyl phos-
phate substrate. Emitted fluorescence was mea-
sured at 440 nm upon excitation at 360 nm on a
SpectraMax M2 Microplate Reader (Molecular
Devices).

Results

Prediction of HLA-DRB1*0401-restricted peptides derived from
swine leukocyte antigen

The HLA-DRB1*0401-restricted CD4 T-cell epi-
topes (15-mer peptides) derived from the extracel-
lular domains (a1, a2, and a3) of classical SLA
class I molecules were predicted using a computer-
assisted algorithm (SYFPEITHI). Fifteen candi-
date peptides were selected based on the high
SYFPEITHI score (26 or above) and alignment to
classical SLA class I alleles (Table 1). The peptide
sequences in Table 1 reflect those shared by at least
five different SLA class I alleles.

Affinity assessment of candidate peptides for HLA-DRB1*0401

We then evaluated the binding affinity of the 15
candidate peptides for HLA-DRB1*0401 in vitro
using biotinylated hemagglutinin peptide (HA307-319)
as a reporter peptide. To first optimize the assay,
we examined the binding characteristics of HA307-

319 to HLA-DRB1*0401 captured onto an ELISA
plate by the specific monoclonal antibody L243
(2 lg/well). As shown in Fig. 1A, binding of
HA307-319 reached a near saturation at 1000 nm.
Thus, in all of the competitive ELISAs, 1000 nm

HA307-319 was used as the reporter peptide. Using
this assay system, we determined the concentra-
tions of candidate peptides that inhibit reporter
peptide binding by 50% (IC50), and the results are
summarized in Table 1. Peptide-11 exhibited the
highest binding capacity to HLA-DRB1*0401 with
an IC50 of 50 nm (Fig. 1B). SLA alleles containing
the peptide-11 sequence, LRSWTAADTAAQISK,
are shown in Table 2.

In vivo induction of peptide-specific CD4 T-cell responses and
antibody production in HLA-DRB1*0401 transgenic mice

To investigate whether peptide-11 induces CD4
T-cell responses in vivo, HLA-DRB1*0401 trans-
genicmice were immunizedwith 50 lg of peptide-11
emulsified with Freund’s complete adjuvant.
Splenocytes and lymph node cells were isolated
from the immunized mice at day 13, at which point
peptide-specific T cells are presumed to have
expanded. For re-stimulation, the harvested cells
were cultured in the presence or absence of 1 lm

peptide-11 for 72 h. As shown in Fig. 2, robust
IFN-c production and cell proliferation were
observed only in the re-stimulated cultures.
Re-stimulation, however, did not induce the

Table 1. HLA-DRB1*0401-restricted peptides derived from swine

leukocyte antigen class I and their IC50 values

Peptide name Amino acid sequence Scorea IC50 (nm)

pep1 PHSLSYFYTAVSRPD 26 500
pep2 EPRVPWIQQEGQDYW 26 500
pep3 GQDYWDEETRKVKDN 28 600
pep4 QDYWDEETRKVKDNA 28 >1000
pep5 PEYWDRETQISKETA 28 >1000
pep6 QEYWDRETQISKDNA 28 >1000
pep7 RNAMGSAQTFRVNLN 26 500
pep8 QNAMGSAQTFRVNLK 26 650
pep9 YIALNEDLRSWTAAD 26 800
pep10 LRSWTAADTAAQITK 28 300
pep11 LRSWTAADTAAQISK 28 50
pep12 SLTWQREGQDQSQDM 28 >1000
pep13 SLTWQREGQDHSQDM 28 >1000
pep14 SLSWQREGQDQSQDM 28 >1000
pep15 SQDMELVETRPSGDG 26 >1000

aScore means the relative binding affinity calculated by the SYFPEITHI program.

HLA-DR4-binding peptide of porcine MHC-I

319



production of IL-4, a cytokine indicating a Th2
response (data not shown), indicating that immu-
nization of DRB1*0401 transgenic mice with pep-
tide-11 elicited a Th1 response.
Robust IFN-c production and cell proliferation

by the splenocytes and lymph node cells were
specific to peptide-11 because stimulation with an
irrelevant peptide-7 (RNAMGSAQTFRVNLN)
did not induce IFN-c production and cell prolif-
eration. To further substantiate that this is a
peptide-11-specific reaction, we also performed a
blocking experiment. When the re-stimulation
cultures were treated with anti-HLA-DRB1*0401
monoclonal blocking antibody (L243, 10 lg/ml),
peptide-induced IFN-c production and cell prolif-
eration were completely abrogated (Pep11+ L243
in Fig. 2).
Peptide-10, LRSWTAADTAAQITK, which dif-

fers from peptide-11 only by one amino acid at
position 14, which is ‘S’ in peptide-11 and ‘T’ in
peptide-10, did not induce peptide-10-specific CD4
T-cell responses in vivo (Fig. 2E). These results
further demonstrate that robust IFN-c production
and cell proliferation by the splenocytes and lymph
node cells are specific to peptide-11.
We also examined whether immunization with

peptide-11 emulsified with Freund’s complete

adjuvant could induce peptide-11-specific antibody
in HLA-DRB1*0401 transgenic mice. We found
that among seven mice that were immunized with
peptide-11, none of the mice developed peptide-11-
specific antibody (data not shown).

Discussion

Studies have shown that human T-cell responses
against porcine antigens are at least as strong as
the alloresponse [9,10,15]. It has also been shown
that the T-cell-mediated xenorejection response is

0

20

40

60

80

100

In
hi

bi
tio

n 
(%

)

(B)

1 10 100 1000 10000

Peptide-11 concentration (nM)

Fl
uo

re
sc

en
ce

 (
10

-4
)

(A)

0
2
4
6
8

10
12
14
16

0 0.5 1.0 1.5 2.0 2.5 3.0

Reporter peptide (μM)

Fig. 1. Reporter peptide-binding assay (A) and the determi-
nation of IC50 of peptide-11 (B). Monoclonal antibody specific
to HLA-DRB1*0401 was coated onto a 96-well microtiter
plate (2 lg/well), and PRIESS lysates were added to cap-
ture HLA-DRB1*0401 molecules. After washing, indicated
amounts of biotinylated reporter peptide were added and
incubated with the streptavidin–alkaline phosphatase conju-
gate to detect the amount of bound reporter peptide (A). To
determine IC50 of peptide-11, mixtures of biotinylated reporter
peptide (1 lm) and different concentrations of competitor
peptide-11 were added and detected as described above (B).

Table 2. Haplotype containing peptide-11 sequence

SLA-1 alleles SLA-2 alleles SLA-3 alleles

SLA-1*1101 SLA-2*0201 SLA-3*0302
SLA-1*11jh01 SLA-2*0202 SLA-3*03pt31
SLA-1*es12 SLA-2*06sr01
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Fig. 2. IFN-c production and cell proliferation in response to
peptide-11 immunization. HLA-DRB1*0401-transgenic mice
were immunized with 50 lg of peptide-11 emulsified with CFA
(black bar) or CFA only (gray bar). After 13 days, spleen cells
(A,C) and lymph node cells (B,D) isolated from the immunized
mice were re-exposed in vitro to soluble peptide-11 (1 lm) or
irrelevant peptide-7 (1 lm) for 3 days. For cytokine produc-
tion, the supernatants were collected and assessed for IFN-c
and IL-4 levels using ELISA kits. IL-4 was undetectable in all
experimental groups (data not shown). To examine the cell
proliferation, 1 lCi 3H-thymidine was added for the final 16 h
of the culture period. To block HLA-DRB1*0401-restricted
recognition, anti-HLA-DR monomorphic mAb (L243) was
added at the concentration of 10 lg/ml. (E) Peptide-11 spe-
cifically induces robust CD4 T-cell responses in the transgenic
mice. The transgenic mice were immunized with 50 lg of
peptide-10 emulsified with CFA (hatched bar) or peptide-11
emulsified with CFA (black bar), and the spleen cells isolated
from the immunized mice were re-exposed in vitro to soluble
peptide-10 (1 lm) or peptide-11 (1 lm) for 3 days, as described
above.
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mediated primarily by CD4+ T cells and that
CD4+ T cells that mediate xenorejection recognize
xenogenic MHC molecules mainly via an indirect
recognition mechanism [11,12]. In indirect xeno-
recognition, human T cells are activated by porcine
MHC-derived peptides that are processed and
presented in the context of human MHC molecules
on host APCs. Studies using porcine cells also
revealed that the major porcine xenoantigens
recognized indirectly by human CD4+ T cells are
SLA class I molecules [11].
In this study, we predicted HLA-DRB1*0401-

restricted CD4+ T-cell epitopes (15-mer peptides)
derived from the extracellular domains (a1, a2, and
a3) of classical SLA class I with a SYFPEITHI
program and selected 15 peptides as candidates
based on the immunogenicity score and homology
to different SLA class I alleles. The candidate
peptides were synthesized, and their binding affin-
ities for HLA-DRB1*0401 were assessed. Peptide-
11, LRSWTAADTAAQISK, demonstrated the
highest binding affinity for HLA-DRB1*0401.
Thus, we selected peptide-11 to generate specific
T-cell responses in vivo. The peptide that demon-
strated the second highest binding to peptide-11
was peptide-10, LRSWTAADTAAQITK, which
differs from peptide-11 only by one amino acid at
position 14, which is ‘S’ in peptide-11 and ‘T’ in
peptide-10.
Indirect recognition of peptide-11 was demon-

strated in vivo using HLA-DRB1*0401 transgenic
mice. Re-stimulation of splenocytes and lymph
node cells harvested from mice immunized with
peptide-11 resulted in robust IFN-c production
and cell proliferation. IL-4 production was absent,
demonstrating that immunization of transgenic
mice with peptide-11 elicited Th1-type CD4+

T-cell responses, and not a Th2-type CD4 T-cell
response. Moreover, this indicates indirect recog-
nition of the peptide because the only APCs
available are derived from the host.
The peptide-11 amino acid sequences are also

found in non-polymorphic a2 domains of three
SLA-1 alleles, six SLA-2 alleles, and two SLA-3
alleles (Table 2). Because the major porcine xeno-
antigens recognized by human CD4+ T cells are
SLA class I-derived peptides and SLA class I
molecules are expressed on all of cell types includ-
ing islet cells and endothelial cells [11,12], peptide-
11 could be a target for therapeutic immunoregu-
lation such as the induction of peptide-11-specific
immune tolerance. Injection of xenograft recipient
with peptide-pulsed autologous immature dendritic
cells could be a way of inducing peptide-specific
immune tolerance, as previously reported [16].
Among diverse human MHC class II molecules,

we chose HLA-DRB1*0401, a representative of
DR4 supertype, to search for SLA class I-derived
CD4 T-cell epitopes in this study because HLA-
DR4 is the preponderant HLA class II molecule
found in Koreans as well as in Caucasians [17,18].
Many studies have shown that graft acceptance

is associated with preferential inhibition of Th1
cells and activation of Th2 cells [19,20]. The SLA
class I-derived peptide that elicits a potent Th1
response was identified in this study. Thus, our
results can be help design strategies to mitigate
human CD4+ T-cell-mediated xenorejection. Iden-
tification of the SLA class I-derived immunogenic
CD4 T-cell epitope can lead to the development of
strategies inducing peptide-specific immune toler-
ance. Thus, our findings have implications not only
for the identification of an immunogenic indirect
epitope shared by a diverse SLA class I alleles, but
also for the development of epitope-specific immu-
noregulation strategies.
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