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Abstract
Introduction: Human leukocyte antigen (HLA)-DPB1 mis-
matches during hematopoietic stem cell transplantation
(HSCT) with an unrelated donor result in an increased risk for
the development of graft-versus-host disease (GvHD). The
number of CD8+ T-cell epitopes available for indirect al-
lorecognition as predicted by the PIRCHE algorithm has
been shown to be associated with GvHD development. As a
proof of principle, PIRCHE-I predictions for HLA-DPB1 mis-
matches were validated in vitro and in vivo. Methods:
PIRCHE-I analysis was performed to identify HLA-DPB1-de-
rived peptides that could theoretically bind to HLA-A*02:01.
PIRCHE-I predictions for HLA-DPB1 mismatches were vali-
dated in vitro by investigating binding affinities of HLA-
DPB1-derived peptides to the HLA-A*02:01 in a competition-
based binding assay. To investigate the capacity of HLA-
DPB1-derived peptides to elicit a T-cell response in vivo,
mice were immunized with these peptides. T-cell allor-
eactivity was subsequently evaluated using an interferon-
gamma ELISpot assay. Results: The PIRCHE-I algorithm
identified five HLA-DPB1-derived peptides (RMCRHNYEL,
YIYNREEFV, YIYNREELV, YIYNREEYA, and YIYNRQEYA) to be

presented by HLA-A*02:01. Binding of these peptides to
HLA-A*02:01 was confirmed in a competition-based peptide
binding assay, all showing an IC50 value of 21 μM or lower.
The peptides elicited an interferon-gamma response in vivo.
Conclusion: Our results indicate that the PIRCHE-I algorithm
can identify potential immunogenic HLA-DPB1-derived
peptides present in recipients of an HLA-DPB1-mismatched
donor. These combined in vitro and in vivo observa-
tions strengthen the validity of the PIRCHE-I algorithm to
identify HLA-DPB1 mismatch-related GvHD development
upon HSCT. © 2024 The Author(s).

Published by S. Karger AG, Basel

Introduction

Human leukocyte antigen (HLA) mismatches between
donor and recipient are known to increase the risk for
acute graft-versus-host disease (GvHD) during hemato-
poietic stem cell transplantation (HSCT) [1–5]. The risk
for GvHD during HSCT is decreased in patients who
receive a transplant from an 10/10 matched unrelated
donor compared to patients receiving a 9/10 matched
unrelated donor [1]; however, additional matching for the
HLA-DPB1 allele can further decrease the risk for GvHD
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[6–15]. For example, Shaw et al. [8] showed that the risk
for mortality and GvHD was significantly higher in HLA-
DPB1-mismatched individuals among 5,929 patients who
received HSCT from a 10/10 matched unrelated donor.

HLA-DPB1 mismatches can be recognized by allor-
eactive donor T cells via the direct or indirect pathway of
allorecognition. Direct T-cell allorecognition is defined by
alloreactive donor T cells that directly interact with intact
allogeneic HLA-DPB1molecules of the recipient [4, 5]. In
contrast, indirect T-cell allorecognition during HSCT is
characterized by donor T cells recognizing mismatched
HLA-DPB1-derived peptides from the recipient pre-
sented on non-allogeneic HLA molecules of donor
antigen-presenting cells (APCs) [4, 5]. Indirect T-cell
allorecognition of T-cell epitopes (TCEs) derived from
mismatched HLA molecules can be estimated by the
Predicted Indirectly ReCognizable HLA Epitopes (PIR-
CHE) algorithm. This model indicates which peptides
derived from mismatched recipient HLA can be pre-
sented to donor T cells by HLA class I (PIRCHE-I) or
class II (PIRCHE-II) molecules [4, 5, 16], where PIRCHE-
I epitopes should theoretically lead to a CD8+ T-cell
response and PIRCHE-II to a CD4+ T-helper cell re-
sponse. PIRCHE-I and PIRCHE-II scores pointed out to
be a good indicator for GvHD development, transplan-
tation outcome, and overall survival during HSCT [12, 15,
17–19]. For example, HLA-C mismatches with a higher
number of PIRCHE-I or -II correlated with acute GvHD
development in a cohort of 20 patients transplanted with
an unrelated 9/10 HLA-matched donor, containing a
single mismatch for the HLA-C allele [17].

The PIRCHE algorithm could also provide an estimate
for transplantation outcome regarding HLA-DPB1
mismatches. We previously showed that recipients re-
ceiving an HSCT from a 10/10 matched unrelated donor
containing a mismatch for the HLA-DPB1 allele with
PIRCHE-I had an increased hazard of acute GvHD
compared to recipients without PIRCHE-I [12]. Fur-
thermore, in a limited cohort of pediatric 10/10 HSCT
recipients with one or two HLA-DPB1 mismatches,
patients with grade II-IV GvHD had higher PIRCHE-I
scores than patients with grade I or no GvHD [15]. These
observations suggest that the PIRCHE algorithm could
potentially serve as a risk indicator for alloreactivity
caused by HLA-DPB1 mismatches. However, experi-
mental data about the immunogenicity of HLA-DPB1-
derived peptides predicted by PIRCHE still largely lack;
the binding affinity values, reported as an IC50 value, are
theoretically determined [20]. As a proof of principle, the
present study aims to validate the value of PIRCHE-I
predictions for HLA-DPB1 mismatches by investigating
binding affinities of HLA-DPB1-derived peptides to
HLA-A*02:01. In addition, the capacity of HLA-DPB1-
derived peptides to elicit a T-cell response in vivo was
assessed.

Materials and Methods

Peptide Identification
HLA-DPB1-derived peptides that can theoretically be pre-

sented by HLA-A*02:01 were identified by running the PIRCHE-I
algorithm version 3.3.68 (PIRCHE AG, Berlin, Germany, available
via www.pirche.com) [4, 16]. To this end, HLA-DPB1 alleles with
an allele frequency over 0.1% in the Deutsche Knochenmark-
spenderdatei (DKMS) cohort (n = 3,456,066, accessed on Sep-
tember 27, 2023 via allelefrequencies.net) were evaluated [21].
Accordingly, nineteen different HLA-DPB1 alleles were defined
and used as donor and patient input for the algorithm (shown in
Fig. 1a). Together with these HLA-DPB1 alleles, HLA genotypes
consisting of frequently occurring HLA-A~C~B~DRB1~DQB1
haplotypes containing HLA-A*02:01 were used. Multiple haplo-
types were evaluated, since overlapping peptide sequences between
the HLA-DPB1 alleles and the used HLA-A, -B, -C, -DRB1, and
-DQB1 typing could have resulted in missing HLA-DPB1-derived
peptides in this analysis. As such, the PIRCHE analysis was
performed using the five most frequently occurring HLA-
A~C~B~DRB1~DQB1 haplotypes containing HLA-A*02:01.
Frequently occurring haplotypes were identified using data from
the National Bone Marrow Program [22]. For each frequently
occurring haplotype, the PIRCHE input consisted of nineteen
different genotypes as the patient input, each coupled to all
nineteen donor HLA genotypes only differing in their HLA-DPB1
allele. Figure 1b shows the PIRCHE input of the first patient for
one of the tested frequently occurring haplotypes. Only peptides
with a predicted IC50 <500 nM were included in the PIRCHE-I
analysis. The HLA-DPB1-derived peptides that were predicted by
the PIRCHE algorithm to bind to HLA-A2*02:01 were subse-
quently analyzed in NetMHCpan4.1 to predict their binding af-
finity for HLA-A*02:01 [20] before performing the competition-
based binding assay.

Cells
For the competition-based peptide binding assay, the Epstein-

Barr virus-transformed lymphoblastoid cell line type 48 (EBV-
LCL48) from the CEPH HapMap project with cell surface HLA-
A*02:01 expression was used [23]. To ensure only HLA-A*02:01-
specific binding of reference and test peptides, binding interference
of other HLA alleles expressed by EBL-LCL48 was checked using
NetMHCpan4.1 binding affinity predictions (shown in online
suppl. Tables 1, 2; for all online suppl. material, see https://doi.org/
10.1159/000537789) [20, 23]. Cells were cultured in RPMI-1640
medium supplemented with GlutaMAXTM (Gibco, NY, USA),
10% fetal calf serum (FCS) (Sigma-Aldrich, Missouri, USA), and
1% streptomycin/penicillin antibiotics. HLA-A*02:01 expression
on the surface of EBV-LCL48 was confirmed by flow cytometric
analysis using fluorescein isothiocyanate-conjugated human HLA-
A/B/C monoclonal antibody clone W6/32 (Biolegend, San Diego,
USA, Cat. No. 311403) and allophycocyanin-conjugated human
HLA-A2 monoclonal antibody clone BB7.2 (Biolegend, San Diego,
USA, Cat. No. 343307) [23].

Peptides Synthesis
Five HLA-A*02:01-binding HLA-DPB1-derived test peptides

identified by PIRCHE-I and negative and positive control
peptides (shown in Table 1) were synthetized by J.W. Drijfhout
at the Leiden University Medical Center as previous described
[20, 24, 25]. The minor histocompatibility antigen HA-1-derived
VLHDDLLEA peptide that has been shown to bind to HLA-
A*02:01 [26] was used as a positive control. As a negative control,
the HLA-DPB1-derived KVNVSPSKK peptide was used, which
is predicted by NetMHCpan to not bind to HLA-A*02:01 [20].
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Cys-fluorescein-labeled HLA-A*02:01 reference peptide (Fl-peptide)
FLPSDXFPSV was kindly provided by J.W. Drijfhout [24, 25]. Peptide
purity >95% was ensured by using reverse-phase high-pressure liquid
chromatography for all peptides. Test and control peptides were
dissolved in 100%dimethyl-sulfoxide and further diluted in phosphate-
buffered saline (PBS) to a concentration of 1 mM.

Competition-Based Peptide Binding Assay
In vitro binding affinities for HLA-A*02:01 of all five identified

HLA-DPB1-derived peptides were determined in triplicate in a
competition-based peptide binding assay using EBV-LCL48 as
described before [24]. In short, cells were first treated with an acid
elution buffer (pH 3.1) to strip already bound peptides from the

HLA molecules. Next, an eleven twofold serial dilution ranging
from 600 till 0.5 μM was made for all test and control peptides. The
EBV-LCLs were incubated in triplicate for 24 h with 150 nM Fl-
peptide together with the test and control peptides in a 96-well
V-bottom plate. Subsequently, cells were washed and resuspended
with PBS/1% paraformaldehyde following flow cytometric mea-
surement of the Fl-peptide signal using the BD FACS Canto II (BD
Biosciences, NJ, USA).

Immunization of HLA-A2 Transgenic Mice
To investigate the ability of the HLA-DPB1-derived peptides to

stimulate T cells, mice expressing the HLA-A*02:01 allele were
immunized with the PIRCHE-identified HLA-DPB1-derived

a

b

Fig. 1. Overview of HLA types used as in-
puts for the PIRCHE algorithm. a HLA-
DPB1 allele frequencies in the DKMS co-
hort (20). DPB1 alleles with an allele fre-
quency <0.02 (15.65%) include the fol-
lowing HLA-DPB1 alleles with an allele
frequency higher than 0.1%: DPB1*05:01,
DPB1*13:01, DPB1*17:01, DPB1*10:01,
DPB1*14:01, DPB1*11:01, DPB1*06:01,
DPB1*19:01, DPB1*09:01, DPB1*15:01,
DPB1*23:01, DPB1*16:01, DPB1*20:01,
and DPB1*02:02. b Example of the input for
the PIRCHE algorithm. Depicted is the first
patient genotype, which included the HLA-
DPB1*04:01 allele, combined with 19 dif-
ferent donors with the same HLA-A, -B, -C,
-DRB1, and -DQB1 alleles, but differing in
their HLA-DPB1 allele. The other 18 pa-
tient genotypes consisted of the same HLA-
A, -B, -C, -DRB1, and -DQB1 typing, but
differed in their HLA-DPB1 allele (not
shown).

Table 1. Overview of test peptides, control peptides, and the Fl-peptide used in the competition-based
binding assay

Peptide sequence Used as Derived from Predicted binding affinity for
HLA-A*02:01 by NetMHCpan4.1 (nM) [20]

RMCRHNYEL Test HLA-DPB1 124.4
YIYNREEFV Test HLA-DPB1 9.0
YIYNREELV Test HLA-DPB1 22.6
YIYNREEYA Test HLA-DPB1 59.9
YIYNRQEYA Test HLA-DPB1 41.0
KVNVSPSKK Negative control HLA-DPB1 38.6·103
VLHDDLLEA Positive control HA-1 28.0
FLPSDXFPSV Fl-peptide – 5.0

Binding affinities for all peptides were predicted by the NetMHCpan4.1 algorithm for all peptides [22].
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peptides, synthesized by J.W. Drijfhout as described under Peptide
synthesis. HLA-A*02:01 transgenic mice (The Jackson Laboratory,
Bar Harbor, ME) were injected with 100 μg of RMCRHNYEL,
YIYNREEFV, YIYNREELV, or YIYNRQEYA peptide together
with 50 μg CpG oligonucleotides 1826 as described before [27].
Ethical approval was obtained as described under Statement of
Ethics. After 103 days, mice were sacrificed, and spleen material
was isolated through dissection. Cell samples were obtained by
passing the spleen material through a 70-μm cell strainer followed
by a 3-min incubation with 1 mL NH4Cl (0.16 M) dilution for red
blood cell lysis. Subsequently, the cell suspension was centrifugated
after adding 49 mL ice-cold PBS and the cell pellet was diluted in
RPMI/10% FCS for the enzyme-linked immunosorbent spot
(ELISpot) assay. Splenocytes that were not used for the ELISpot
were stored at −80°C after in RPMI/10% FCS/10% dimethyl
sulfoxide dilution.

IFN-γ ELISpot Assay
T-cell alloreactivity of CD8+ T cells from mice previous im-

munized with peptides mentioned was detected using an
interferon-γ (IFN-γ) ELISpot assay. For this assay, the commer-
cially available murine IFN-γ ELISpot set (Diaclone, Besançon,
France) was used. For each well, 50,000 TAP-deficient T2 cells
expressing HLA-A*02:01 (T2A2) were incubated for 3 h at 37°C
with 0.5 μL of 1 mg/mL test peptide dilution (RMCRHNYEL,
YIYNREELV, YIYNRQEYA, or YIYNREEFV) in a total volume of
50 μL to ensure peptide loading on HLA-A*02:01 alleles of these
stimulator cells. As a negative control, the nonimmunized
LLLSGALAL peptide, which is predicted to bind to HLA-A*02:01
with an IC50 of 14.14 [20], was loaded on T2A2 cells. To determine
maximal IFN-γ production by T cells, RPMI/10% FCS with
phytohemagglutinin was used instead of stimulator cell suspension
(final concentration 1 μg/mL). The 96-well polyvinylidene di-
fluoride plates were first treated with 100 μL blocker buffer. After
washing with PBS, 50,000 stimulator cells or 50 μL phytohe-
magglutinin solution per well was added. Subsequently, 100,000
mouse splenocytes were added to each well up to a total volume of
100 μL. Following incubation at 37°C for 10–15 h, the wells were
washed with PBS/0.05% Tween and treated with detection anti-
body and streptavidin-AP conjugate according to the manufac-
turer’s instructions. Following the addition of 100 μL BCIP/NBT
buffer, the wells were incubated for 5–15min at room temperature.
Spot-forming cells were counted using an ELVIS reader as a
measure for IFN-γ producing cells.

Statistical Analysis
Peptide frequencies of identified HLA-DPB1-derived pep-

tides were determined using allele frequencies in the DKMS
cohort for all HLA-DPB1 alleles that contain the identified
peptides according to the amino acid sequences from the IPD-
IMGT/HLA-database version 3.52 [21, 28]. The exact peptide
frequencies were subsequently calculated using the Hardy-
Weinberg equation [29]. For the competition-based peptide
binding assay, inhibition percentages of test and control pep-
tides were calculated based on mean fluorescence intensity
values for the 488 nm laser as described previously [24]. The
calculated inhibition percentages were analyzed using Graph-
Pad Prism version 9.9 (GraphPad Software, San Diego, CA,
USA) through modeling of log[dose]-response curves from 0 to
100% with nonlinear regression analysis. ELISpot data were
analyzed by correcting the counted spot-forming cells of the
immunized peptides for the mean background signal from a
nonimmunized peptide (LLLSGALAL). If the number of spot-
forming cells was lower than those of the negative controls, the
number of spot-forming cells was set to 0. One-sample t-tests

were performed for all twelve mice using GraphPad Prism
version 9.9. p values ≤0.05 were considered to be statistically
significant.

Results

Five HLA-DPB1-Derived Peptides Are Predicted by
PIRCHE-I to Bind to HLA-A*02:01
To find HLA-DPB1-derived peptides that can be

presented by HLA-A*02:01 that could potentially lead to
GvHD in the context of HSCT, PIRCHE-I analyses were
performed. As the PIRCHE input, matching HLA types
containing the HLA-A*02:01 allele only differing in the
nineteen different HLA-DPB1 alleles with an allele fre-
quency of 0.1% or higher [21] were used. Five nonameric
peptide sequences (RMCRHNYEL, YIYNREEFV,
YIYNREELV, YIYNRQEYA, and YIYNREEYA) were
predicted to bind the HLA-A*02:01 allele with an IC50

value of 500 nM or lower (shown in Table 2), where a
lower IC50 value indicates a higher binding affinity. The
RMCRHNYEL peptide is located at the amino acid po-
sitions 75–83 of the HLA-DPB1 protein in twelve dif-
ferent HLA-DPB1 alleles. The other four peptides be-
ginning with the YIYNR sequence are positioned at
positions 28–36 of the HLA-DPB1 amino acid sequences
of eighteen different HLA-DPB1 alleles. Three of these
five identified peptides were predicted to be strong
binders for HLA-A*02:01 according to the NetMHC-
pan4.1 algorithm, i.e., the predicted binding affinities of
these peptides belong to the top 1% predicted scores
obtained from random natural peptides [20].

PIRCHE-I Identified Peptides Derived from HLA-DPB1
Mismatches Show High Affinities for HLA-A*02:01
in vitro
The binding of the five identified peptides to the HLA-

A*02:01 allele in vitro was examined using a competition-
based peptide binding assay as previously described [24]. All
five identified peptides showed binding to HLA-A*02:01
with a half maximal inhibitory concentration (IC50) value of
21 μM or less under competition with the Fl-peptide (shown
in Fig. 2). Although all five HLA-DPB1 derived peptides
showed binding to HLA-A*02:01 under competition with
the Fl-peptide, some variation in binding affinity between
the peptides was observed, with YIYNREEFV and YIYN-
REELV showing the lowest IC50 values (4.9 μM and 3.9 μM,
respectively) (shown in Fig. 2a).

PIRCHE-I Identified Peptides Derived from HLA-DPB1
Mismatches Bound to HLA-A*02:01-Expressing Cells
Lead to T-Cell Responses in vivo
The capacity of YIYNREELV, YIYNRQEYA,

RMCRHNYEL, and YIYNREEFV peptides to induce T-cell
alloreactivity was investigated in vivo by assessing IFN-γ
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production following immunization of HLA-A*02:01
transgenic mice with these peptides. All four peptides
elicited a T-cell response, although differences between
mice were observed (shown in Fig. 3). The YIYNRQEYA
peptide showed a significant IFN-γ response in all three
YIYNRQEYA-immunized mice (p < 0.0001; p = 0.04; p =
0.006). In addition, a slight but significant T-cell response
after T2A2-peptide pulsing was also detected in both
YIYNREEFV-immunized mice samples (p = 0.03; p =
0.05). A slight increase in IFN-γ production was detected
for the YIYNREELV and RMCRHNYEL peptides, al-
though these were not statistically significant.

Discussion

Matching for HLA-DPB1 decreases the risk of GvHD
in HSCT recipients receiving a 10/10 matched unrelated
donor [6–15]. More specifically, studies have shown that
the PIRCHE-I score, as a measure for indirect CD8+

T-cell allorecognition, is associated with the risk of GvHD
in HLA-DPB1-mismatched 10/10 HSCT recipients [12,
15, 30]. However, since experimental data validating the
PIRCHE algorithm still largely lack, we here investigated
as a proof of principle whether HLA-DPB1-derived
peptides predicted by PIRCHE-I could bind to HLA-
A*02:01 in vitro and could elicit a T-cell response in vivo.
The 19most frequently occurring HLA-DPB1 alleles were
analyzed to predict which HLA-DPB1-derived peptides
could theoretically bind to HLA-A*02:01. All five dif-
ferent peptides identified by the PIRCHE
algorithm – RMCRHNYEL, YIYNREEFV, YIYNREELV,

YIYNREEYA, and YIYNRQEYA – were able to bind to
the HLA-A*02:01 allele with an IC50 value of 21 μM or
lower. It should be noted that the obtained IC50 values are
difficult to compare with the predicted IC50 values, since
(1) IC50 values depend on the reference peptide used, and
(2) predicted values are calculated using a neural network
trained with experimental data; the main aim of these
in silico predictors is to classify peptides as strong, weak,
or nonbinders. The peptides loaded on HLA-A*02:01-
expressing T2A2 cells elicited a T-cell response in HLA-
A*02:01-transgenic mice, where specifically immuniza-
tion with the YIYNRQEFA peptide resulted in a clear
T-cell response. Thus, we show that the identified HLA-
DPB1-derived peptides can indeed bind to HLA-A*02:01
and are able to induce IFN-γ production in vivo, sup-
porting previous studies showing that indirectly recog-
nized HLA-DPB1 mismatches might be a risk for GvHD
development during HSCT [12, 15, 30].

The YIYNREEYA peptide, which was also predicted by
PIRCHE-I as an HLA-DPB1-derived peptide that could
bind to HLA-A*02:01, demonstrated binding to the HLA-
A*02:01 allele with an IC50 value of 11 μM, indicating that it
has potential to be presented by HLA-A*02:01 on APCs to
T cells. However, this peptide was not tested in vivo, since
the amino acid sequence YIYNREEYV is present in the
genome of theMusmusculus. Because these two sequences
differ only at the amino acid located at the C-terminal
residue of the peptide, which binds in the F-binding pocket
[31], and because valine and alanine are very similar, it is
likely that no T-cell alloreactivity can be seen in vivo.
Therefore, this peptide needs to be validated in a human
context. It is important to note that in humans, various

Table 2. Overview of recipient HLA-DPB1-derived peptides presented by donor HLA-A*02:01 as predicted by PIRCHE-I [4, 16] that
could potentially result in the development of GvHD in HSCT patients

Peptide
sequence

Position in
peptide

Present in HLA-DPB1a Predicted binding
affinity according
to NetMHCpan4.1
(nM) [20]

Peptide
phenotype
frequency

Disparity
rateb

RMCRHNYEL 75–83 04:01, 02:01, 04:02, 05:01, 17:01,
11:01, 06:01, 15:01, 23:01, 16:01,
20:01, 02:02

124.4 (WB) 0.95 0.048

YIYNREEFV 28–36 02:01, 04:02, 03:01, 17:01, 10:01,
14:01, 06:01, 19:01, 09:01, 23:01,
16:01, 20:01

9.0 (SB) 0.71 0.21

YIYNREELV 28–36 05:01, 02:02 22.6 (SB) 0.045 0.043

YIYNREEYA 28–36 01:01, 13:01 59.9 (WB) 0.13 0.11

YIYNRQEYA 28–36 11:01, 15:01 41.0 (SB) 0.040 0.038

Predicted binding affinities were determined using NetMHCpan4.1 [20]. The listed peptide phenotype frequencies were
calculated based on IPD-IMGT/HLA-database version 3.52 and German DKMS cohort allele frequencies as described previously [21,
28, 29]. IC50 values were calculated by performing nonlinear regression analysis on inhibition data of the performed competition-
based binding assay [24]. aOnly alleles with an allele frequency over 0.1% in the Deutsche Knochenmarkspenderdatei (DKMS)
cohort [21]. bDisparity rates were calculated as: peptide phenotype frequency * (1 − peptide phenotype frequency).
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HLA-DQB1 alleles contain the YIYNREEYA peptide as
well, including DQB1*03:01 and DQB1*06:02. Together,
these alleles have a combined allele frequency of 50.9% in a
European Caucasian population according to the NMDP
frequency register [22], suggesting that the YIYNREEYA
peptide is likely considered as self in the majority of the
population and will not lead to T-cell alloreactivity. Al-
ternatively, this peptide may evoke immune responses in
specific HLA-DPB1-mismatched settings and spread its
response to the alternative HLA-DQB1 mismatches
and vice versa. Such a scenario may for instance be
relevant in the context of multiple transplantations.
Clinical evaluation of the relevance of the YIYN-
REEYA is therefore less straightforward.

The PIRCHE algorithm addresses protein processing
by selecting peptides with a proteasomal processing
probability of 0.5 or greater according to the NetCh-
op3.1 algorithm [5], indicating that the identified
peptides have a high probability to be generated by the
proteasome in APCs [32]. In the present study, in vitro
validation of antigen processing was not executed.
Future research should investigate protein processing
of the identified HLA-DPB1 peptides. Such studies may
include proteasomal cleavage analyses and/or immu-
nization experiments with longer peptides. In addition,
interindividual variability between mice was observed.
As this observation could be a consequence of different
percentages of T cells in the splenocytes, additional
experiments with T cells instead of splenocytes could be
performed to further investigate the T-cell response
in vivo.

We demonstrate that the HLA-DPB1-derived peptides
can lead to a response in vivo. With respect to clinical
relevance, investigating T-cell alloreactivity against these
HLA-DPB1-derived peptides in a human setting is of
importance. Validation of alloreactive T cells in a human
setting could be performed by using HLA-peptide tet-
ramers to assess whether T cells specific for HLA-DPB1-
derived peptides can be present in the blood of HSCT
patients with GvHD. Based on population frequencies,
HLA-A*02:01-YIYNREEFV tetramers could identify al-
loreactive T cells specific for the YIYNREEFV peptide.
This peptide is the most frequently occurring peptide
mismatch of the peptides we investigated with a disparity
rate of 21% (shown in Table 2). Since approximately 50%

of the European Caucasian population expresses HLA-
A*02:01 [22], this peptide mismatch could be relevant in
an estimated 10% of the total Western population. Be-
sides using tetramers to investigate the presence of such
T cells in individual patients, a retrospective clinical study
could assess the effect of the identified HLA-DPB1
peptide mismatches on the development of GvHD de-
velopment in a bigger cohort of patients receiving HSCT
from a 10/10 matched donor. In this way, the clinical
relevance of the indirect allorecognition of HLA-DPB1
mismatches in patients receiving HSCT can be addressed.

As an alternative to indirect recognition of T cells,
direct recognition of HLA-DPB1 mismatches has been
shown to play a role in the development of GvHD [6, 9,
30, 33]. Several biological models have been developed
to predict the immunogenicity of an HLA-DPB1
mismatch, including a model that evaluates the cell
surface expression of HLA-DPB1 molecules based on a
single-nucleotide polymorphism [33] and the TCE
model [6, 9]. The TCE model defines permissive and
nonpermissive HLA-DPB1 mismatches based on the
alloreactivity of structural TCEs shared between HLA-
DPB1 alleles [6, 9]. Compared to permissive mis-
matches, nonpermissive mismatches were associated
with an increased risk of overall mortality [14]. In-
terestingly, the YIYNREEFV peptide is present in all
HLA-DPB1 alleles belonging to the most immunogenic
TCE4 groups 1 and 2. This observation could poten-
tially support the finding by Thus et al. [12], who
showed that pairs with TCE-predicted graft-versus-
host nonpermissive mismatches had significantly
higher PIRCHE-I numbers compared to both per-
missive and host-versus-graft nonpermissive mis-
matches. Further research is warranted to assess the
potential synergy or overlap of PIRCHE-I with other
models such as the TCE model. In this context, HLA-
DPB1-derived peptides that can be presented by other
HLA class I alleles should be considered as well.

Although HLA-DPB1 mismatches have been reported
to increase the risk for GvHD in multiple studies [6–10,
15], these mismatches can also decrease the hazard of
disease relapse [7, 8, 10, 13, 15, 34]. Kawase et al. [34]
identified various HLA-DPB1 mismatches that were
significantly associated with a lower risk of relapse, of
which the majority was not associated with a higher

Fig. 2. Log dose-inhibition curves with indicated IC50 values from
the inhibition data of all test peptides (b–f) and negative and
positive control peptides (g, h) for the HLA-A*02:01 allele. IC50

values for binding to HLA-A*02:01 were obtained by performing
nonlinear regression analysis on the inhibition data of all peptides.
Error bars indicate standard deviations. a Overview of the log
dose-inhibition curves of all tested peptides including negative and
positive control peptides shows variation in binding affinities
between the five tested HLA-DPB1-derived peptides. b–f Log-

inhibition curves for HLA-A*02:01 binding of RMCRHNYEL
(b), YIYNREEFV (c), YIYNREELV (d), YIYNREEYA (e), and
YIYNRQEYA (f) peptides having IC50 values of 21.0 μM, 4.9 μM,
3.9 μM, 10.6 μM, and 19.9 μM, respectively. g, h Log-inhibition
curves for HLA-A*02:01 binding of negative (KVNVSPSKK)
(g) and positive (VLHDDLLEA) (h) control peptides. The neg-
ative control peptide did not show any binding to the HLA-A*02:
01 allele and the positive control peptide showed binding to HLA-
A*02:01 with an IC50 value of 3.9 μM.
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occurrence of severe acute GvHD in their previous study
[35]. Three of the HLA-DPB1 mismatches they identified
correspond with a YIYNREEFV mismatch in graft-
versus-host direction [34]. Evaluating the presence or
absence of HLA-A*02:01 in these patients may provide
further indications on a potential role for indirect rec-
ognition of mismatched HLA-DPB1 on relapse.

Overall, we here for the first time structurally evaluated
the binding and in vivo immunogenicity of HLA-DPB1-
derived peptides in the context of HLA-A*02:01. These
PIRCHE-I peptides derived from HLA-DPB1 mis-
matches can contribute to GvHD development via the
indirect pathway of T-cell recognition, which can be
predicted by the PIRCHE-I algorithm. Our data suggest
that the PIRCHE algorithm is a valid indicator for al-
loreactivity caused by HLA-DPB1 mismatches. Addi-
tionally, our findings provide experimental evidence that
HLA-DPB1 mismatches can induce T-cell alloreactivity
and may thereby contribute to GvHD development.
Eventually, data like presented in the current study could
further specify which HLA-DPB1 mismatches are par-
ticularly associated with high risk for T-cell alloreactivity
following HSCT.
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Fig. 3. HLA-DPB1-derived peptides
RMCRHNYEL, YIYNREEFV, YIYNREELV,
and YIYNRQEYA loaded on T2A2 cells
elicited a T-cell response in HLA-A*02:01
transgenic mice. T-cell alloreactivity against
immunized HLA-DPB1-derived peptides in
HLA-A*02:01 mice was examined using an
IFN-γ ELISpot assay with peptide-loaded
T2A2 cells. Spot-forming cells for the im-
munized peptides were corrected for the
mean signal from a nonimmunized control
peptide (*p < 0.05; **p < 0.01; ***p < 0.001).
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