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Allogeneic hematopoietic cell transplantation
Hematopoietic cell transplantation (HCT) can be curative for patients with malignant 
and non-malignant bone marrow (BM) diseases, as well as for patients with enzymatic 
deficiencies. These hematopoietic cells (HC) are harvested from the patient itself 
(autologous) or from a donor (allogeneic). Allogeneic HCT (allo-HCT) is preferred in many 
underlying diseases, because of an additive therapeutic effect (1): the alloreactive donor-
derived immune system recognizes the patient’s cells as foreign. This graft-versus-host 
directed alloreactivity potentially results in the beneficial graft-versus-tumor effect and in 
the pathological graft-versus-host disease (GVHD). Both these effects will be described in 
detail below. In general, the success of allo-HCT is determined by a delicate balance of the 
GVH-directed alloreactivity, ultimately resulting in rapid engraftment of the donor HC, low 
toxicity and good anti-tumor effects. 

Conditioning
Before patients receive allo-HCT, the patient’s autologous HC have to be eradicated, as they 
will prevent the donor HC from engrafting. Furthermore, when patients with a malignancy 
are transplanted, the primary malignancy can repopulate from the residual patient-HC, 
resulting in a relapse. Hence, to remove autologous HC prior to HCT, patients receive so-
called conditioning regimens.

Historically, conditioning regimens were aimed at complete eradication of the autolo-
gous HC, targeting both the immune system, with a focus on T cells, as well as residual ma-
lignant cells. These so-called myeloablative (MA) conditioning regimens promote engraft-
ment of donor HC and prevent tumor relapse. Despite the positive effects, MA conditioning 
regimens cause severe tissue damage leading to serious complications. The tissue damage 
results in immune activation, a cytokine storm, and subsequent triggering of T cells that 
leads to GVHD (reviewed in (2)). So, even though MA conditioning regimens play a large 
role in the success of allo-HCT, their application is hampered by the damage that is caused.

To reduce the toxicity, non-myeloablative (NMA) and reduced intensity conditioning 
(RIC) regimens were introduced. NMA conditioning regimens are defined as conditioning 
regimens that do not eradicate autologous hematopoiesis, leading to the presence of both 
patient and donor cells upon engraftment, and the immediate recovery of autologous cells 
after graft failure (3). RIC regimens are just less intensive than MA conditioning regimens, 
leading to, in contrast to NMA regimens, prolonged aplasia upon graft rejection (reviewed 
in (4)). In comparison to MA conditioning regimens, NMA conditioning and RIC regimens 
result in less tissue damage, better protection for (opportunistic) infections, require less 
platelet and erythrocyte infusions and are associated with reduced GVHD risk, at the cost 
of diminished anti-tumor effects (reviewed in (4, 5)). The choice between MA and NMA/RIC 
conditioning regimens is therefore weighted carefully for each patient, based on the under-
lying disease, the risks of relapse and toxicity and the patient’s clinical condition.

Immunosuppressive drugs are administered to prevent GVHD. Because GVHD clearly 
involves T-cell activation (reviewed in (2)), prevention of GVHD is largely based on T-cell 
depletion. Anti-thymocyte globulin (ATG) is the best established method of in vivo T-cell 
depletion. Usage of ATG greatly reduces the chance of GVHD (6), however, it comes with 
severe side effects, as the T cells that are depleted are also essential for anti-viral as well 
as anti-tumor responses. Depletion or earlier administration of ATG pre-HCT significantly 
improves T-cell reconstitution and reduces the risk of viral reactivations after HCT, and it is 
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therefore currently suggested to omit or reduce the dosage of ATG prior to HCT (7). 

Engraftment and chimerism
The outcome of allo-HCT is dependent on donor engraftment. Successful engraftment 
is usually defined as three consecutive days of more than 1x109 white blood cells/liter 
(leukocyte engraftment); more than 0.5x109 neutrophils/liter (neutrophil engraftment); or 
more than 20x109 or 50x109 platelets/liter (platelet engraftment) (8). Engraftment is thus 
established by the measurement of absolute blood cell count and not based on the origin 
of the cells measured. Without successful engraftment, patients will encounter a period of 
cell aplasia, leading to a high risk of infections and bleeding.

The descent (donor or patient) of peripheral blood and BM cells can be investigated 
during chimerism analyses. The percentage of cells originating from donor or patient, con-
tributing to the total HC population, is determined based on known genetic differences be-
tween donor and patient. This measurement is of great prognostic value as complete donor 
chimerism (>95% of donor origin) is associated with increased leukemia-free survival and 
reduced relapse risk after MA conditioning regimens (9), and is associated with acute GVHD 
development after NMA conditioning regimens (reviewed in (10)). 

Graft-versus-host disease, infections and graft-versus-tumor effect
After allo-HCT, patients face three major risks: GVHD, infections and relapse. GVHD 
develops when the allogeneic immune system of the donor recognizes the patient tissue as 
foreign, and is thus a result of an (over-) activated immune system. Infections occur because 
the patient’s new immune system still has to develop, and is thus the consequence of an 
absent/incomplete immune system. A relapse is prevented when the alloreactive donor 
cells recognize the patient’s tumor, which only occurs in presence of a well-functioning 
immune system. Thus, the success of allo-HCT associated with these three risks is a delicate 
balance of both the pathological and beneficial donor immune response.  

GVHD remains the major complication of allo-HCT (2), and has two main clinical phe-
notypes. Acute GVHD occurs early (usually within a 100 days) after HCT and mainly affects 
the skin, intestine and liver (11). Chronic GVHD develops later after transplantation and 
mimics auto-immune diseases like Systemic Sclerosis (12). Both forms of GVHD are poten-
tially life-threatening complications and lead to severe illness and impaired quality of life. 
Acute GVHD occurs in up to 90% of the transplantations, depending on various risk factors 
(13); and chronic GVHD occurs in up to 60% (14), being the most invalidating long-term 
complication of allo-HCT. Preventing GVHD would greatly enhance the success and broaden 
the application of allo-HCT. 

In the immunocompromised period early post-HCT, patients have an increased risk of 
opportunistic infections (reviewed in (15)). This infection risk may be due to, amongst non-T 
cell causes: absolute low T-cell numbers (16), a different composition of T cells, and ham-
pered T-cell function. Whereas healthy individuals have relatively more CD4+ than CD8+ 
T cells, the early post-HCT period is marked by the presence of relatively more CD8+ than 
CD4+ T cells. Next to low absolute T-cell numbers and the inverted CD4+/CD8+ T-cell ratio, 
T-cell function can be impaired. There is an important difference in T-cell function after MA 
and NMA conditioning regimens: after MA conditioning regimens, the T-cell response is ab-
rogated up to 12 months post-HCT, whereas after NMA conditioning regimens the repop-
ulating T cells respond normal to mitogenic stimuli already at 1 month post-HCT (16). This 
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difference may result in reduced T-cell responses to pathogens after MA compared to NMA 
conditioning regimens, thereby leading to a higher risk of infections. Treatment or preven-
tion of infections post allo-HCT is mostly based on improving immune reconstitution, for 
example by reducing the usage of ATG or by favoring NMA over MA conditioning regimens.

In patients transplanted because of a malignancy, the ultimate goal of the allo-HCT 
is that the alloreactivity will be directed against the tumor. This beneficial alloreactivity is 
designated as the graft-versus-tumor (GVT) effect. Donor T cells play a key role in the GVT 
effect, as is illustrated by the sustained remissions that are achieved by donor lymphocyte 
infusions (DLI) (17-19). Procedures that enhance the antitumor effect, like MA conditioning 
regimens and DLI, often come with the downside of an increased risk of GVHD (17). The 
major challenge of improving HCT outcome lies in the dissection of the GVT effect from the 
GVHD risk.

Donor selection
Optimal donor selection is critical to improve the engraftment rate, reduce the GVHD and 
infection risks and increase the GVT effect. Donors are selected based on multiple factors, 
of which HLA matching between patient and donor has the highest priority (20). However, 
non-HLA factors are frequently considered during donor selection as well; such factors 
include cell dose, CMV concordance, sex (avoiding female donors for male patients), age, 
blood group and gestational status (number of pregnancies of female donors) (20). Besides 
these selection criteria, there are also different choices with respect to HC source. Both 
HLA- and HC-source-related considerations will be described in detail below. 

Hematopoietic cell sources
HC can be derived from BM, harvested from peripheral blood (PBSC) after growth-factor 
induction, and from umbilical cord blood (CB). BM and PBSC are freshly harvested shortly 
before the HCT, whereas CB has the advantage of being harvested upon delivery of healthy 
babies and is subsequently stored in freezers. While BM or PBSC donors first have to be 
admitted to a hospital for HC collection after proper clinical examination, which can be time-
consuming, the storage of CB leads to immediate availability of the CB HC upon request.

The clinical outcomes, with respect to engraftment, infections, GVHD, and relapse are 
different depending on the HC source (reviewed in (21-23)). Important in this aspect is that 
BM-HCT is in principle only possible after MA conditioning, as there are unacceptable high 
rates of graft rejection after NMA conditioning (23). Relative to BM-HCT, PBSC-HCT is char-
acterized by rapid engraftment, a reduced infection risk, a comparable acute GVHD risk but 
a markedly increased chronic GVHD risk, and a comparable relapse risk (Table 1). In con-
trast, CB-HCT is characterized by slower engraftment leading to a high infection risk, but de-
creased acute and chronic GVHD risks and according to some studies a reduced relapse risk 
(Table 1) (24). In short, the major challenge of BM- and PBSC-HCT is the GVHD risk, whereas 
after CB-HCT delayed engraftment is the main issue. 

The different cellular characteristics of the donor sources explain the specific risks re-
lated to each HC source described above. For example, BM is a major reservoir of antigen-ex-
perienced memory-T cells while PBSC grafts typically contain a higher absolute number of 
T cells than BM grafts (25). Contrarily, CB grafts are characterized by a very low frequency 
of memory-T cells (26) and the rapid development of regulatory-T cells upon stimulation 
(27). In addition, it has been shown in vitro that T-cell differentiation of BM cells is slower 
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than that of CB cells (28). The higher number of T cells in BM and PBSC likely results in faster 
engraftment and higher GVHD rates, whereas the regulatory-T cells of CB may reduce the 
GVHD risk. 

For CB-HCT, the amount of nucleated cells infused per kilogram bodyweight of the 
patient, has a major influence on clinical outcome. There is a critical requirement of 2.0x107 
cells per kilogram for effective engraftment after CB-HCT (29). For adults and larger children, 
the number of nucleated cells from one donor of CB is generally not sufficient. Therefore, 
these patients are often transplanted with HC from two CB donors. Interestingly, around 
100 days after this double CB-HCT, in up to 100% of the cases only one of the CB donors 
contributes to the hematopoietic reconstitution (30). The exact mechanisms responsible for 
this single donor dominance have not been established yet (30).
To summarize, the three sources of HC (BM, PBSC and CB), all have their own distinct 
features, resulting in different clinical outcomes and donor selection criteria. The donor-
selection process is determined both by these distinct features as well as the HLA match 
status, as is described below.
  
HLA
HLA is the human counterpart of major histocompatibility complex (MHC). HLA is a group 
of proteins that is expressed on the surface of cells. The main function of HLA is to present 
peptides to T cells. HLA is encoded on chromosome 6 (reviewed in detail in (31)), and displays 
the most polymorphisms of the human genetic system, with almost 12,000 different alleles 
encoding for more than 8,500 different proteins ((32) accessed September 2014), as not 
all alleles encode for a different protein. The high level of polymorphism in HLA is likely an 
evolutionary result of providing maximal herd protection against pathogens; the different 
HLA proteins can present different peptide repertoires to the T cells, thereby magnifying 
the chance of encountering a T cell specific for each pathogen (33). 

Classical HLA is divided into two subclasses: HLA class I and II (both reviewed in de-
tail in (31)). HLA class I (HLA-A, -B, -C) consists of one polymorphic heavy chain bound to 
the non-polymorphic β2-microglobulin (Figure 1). HLA class I presents mostly endogenous 
peptides (i.e. peptides from within the cell) with a preferential length of 8-10 amino acids, 
to CD8+ T cells (31). Endogenous proteins are cleaved into peptides by the proteasome, 
transported into the endoplasmatic reticulum by the transporter associated with antigen 
processing (TAP) protein to subsequently be loaded on HLA class I (Figure 2). HLA class I is 
expressed on all nucleated cells.

HLA class II (HLA-DR, -DQ, -DP) consists of a polymorphic α- and β-chain (Figure 1). 
As every individual has two allelic variants of the α- and β-chains (a maternal and paternal 
allele), and both of the α-chains can associate with both of the β-chains, the two allelic 
variants of each chain lead to four potential different proteins. In contrast to HLA class I, 

Outcome BM PBSC CB

Engraftment + ++ -

Infections + ± ++

Acute GVHD + ±+ ±

Chronic GVHD + ++ ±

Relapse + + ±+

Table 1: Comparison of clinical outcomes related to cell source. 
The probability of clinical outcomes after peripheral blood stem 
cell (PBSC) or cord blood (CB) transplantation relative to bone 
marrow (BM) transplantation, adapted from (23). 
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HLA class II presents in general exogenous peptides (i.e. peptides derived from outside the 
cell) to CD4+ T cells. HLA class II can present peptides with a more variable length, varying 
mostly between 13-25 amino acids, due to a more open structure (31). Exogenous proteins 
are taken up into endosomes, subsequently processed by hydrolytic enzymes into peptides 
and thereafter loaded on HLA class II (Figure 2). HLA class II is generally present on profes-
sional antigen presenting cells (APC), but can be up regulated on non-professional APC upon 
stimulation as well (34). 

Figure 1: HLA class I and II structure. HLA class I (left panel) consists of one polymorphic heavy chain (green), 
formed by the α1-3-domains, bound to non-polymorphic β2-microglobulin (blue). The α1- and 2-domains form 
the peptide-binding groove. HLA class II (right panel) consists of two polymorphic chains, the α-chain consisting 
of two α-domains (green), and the β-chain consisting of two β-domains (blue). The α1- and β1-domains form the 
peptide-binding groove.  

Figure 2: HLA class I and II classical peptide presentation pathways. Endogenous proteins (left panel) are pro-
cessed into peptides by the proteasome and transported into the endoplasmatic reticulum by the transporter 
associated with antigen processing (TAP) protein, and then loaded onto HLA class I. HLA class I is expressed on all 
nucleated cells. Exogenous proteins (right panel) are taken up into the cell via endocytosis. These endocytozed 
proteins are cleaved by lysosomal enzymes into peptides, and are loaded in the endosomal compartment onto HLA 
class II. HLA class II is mainly expressed on professional antigen-presenting cells. Figure adapted from (36).

Proteasome

TAP

Endoplasmatic reticulum

HLA class I HLA class II

Endosome

HLA class I presentation HLA class II presentation

α1-domainα2-domain
α3-domain β2-microglobulin

β1-domain
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α1-domain
α2-domain

HLA class I HLA class II
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HLA matching
HLA matching between donor and patient is important for the success of allo-HCT (36, 37), 
as HLA mismatching leads to a high risk of alloreactivity (37-42). In principle, patients and 
donors are preferably matched for the loci HLA-A, -B, -C, -DRB1, -DQB1; as individuals inherit 
both a maternal as well as paternal HLA-haplotype, and consequently exhibit two alleles 
of each locus, patients and donors are preferably a 10/10 match. Due to the enormous 
polymorphism of the HLA system, finding an HLA-matched donor is challenging. 

Diagnostic HLA typing to assist in donor selection can be performed on different levels: 
low-resolution or serological typing based on cell-surface expression, for example HLA-A2; 
intermediate and high-resolution or allele-level typing based on the DNA sequence, for ex-
ample HLA-A*02:AB or HLA-A*02:01:01:01, which are subtypes of HLA-A2. These different 
resolution levels are important for donor selection. 

HLA match criteria for allo-HCT differ depending on the donor source. An HLA-identical 
related donor (IRD) is usually regarded the best option. In absence of an IRD, most centers 
preferentially select a high-resolution 10/10-matched unrelated donor (URD). Guidelines 
for HLA matchgrade are similar for BM as well as PBSC as a HC source, even though match-
grade is less well studied in PBSC-HCT (43). For URDs, HLA matchgrades below 7/10 or 8/10 
are usually not accepted, although acceptance criteria differ depending on local guidelines 
(1, 43). For CB-HCT, donor-patient match criteria are less stringent (44): CBs are usually 
matched for HLA-A, -B on a serological level and HLA-DRB1 on a high-resolution level, and 
are considered a sufficient match when they are a 4/6 to 6/6 match. Despite this general 
lower matchgrade acceptance when selecting CB cells, higher-resolution level matching on 
more loci also reduces the risk of transplant-related mortality after CB-HCT (45, 46). 

Permissible HLA mismatches
T-cell recognition is clearly involved in mismatched-HLA induced alloreactivity (2), as 
evidenced by a reduced GVHD risk when T cells are depleted from the grafts (47) and a risk 
of GVHD development after DLI (48). However, the in vivo severity of the T-cell mediated 
immune responses is highly variable: some HLA mismatches are better tolerated than others 
(40, 49). Poorly tolerated mismatches are designated non-permissive (40), taboo (49), or 
non-permissible mismatches (50). An example of a poorly understood non-permissible 
mismatch is the HLA-B*44:02 and -B*44:03 mismatch, leading to severe alloreactivity (51) 
and graft rejection (52), despite the fact that these alleles are closely related and present 
similar peptide repertoires (53). On the other hand, highly divergent mismatches seem 
to have a better outcome in some transplant settings (54), suggesting that highly diverse 
HLA molecules lack T-cell receptor contact residues for sufficient affinity. The underlying 
mechanisms that lead to differential permissibility of HLA mismatches are, however, still 
poorly understood.

Better definition of permissible HLA mismatches can aid in donor selection. Epidemi-
ological studies using very large cohorts have identified specific non-permissible mismatch 
combinations (40), and combinations leading to a better clinical outcome (39, 55). In ad-
dition, permissibility of mismatches was determined in vitro (56-58). However, identifying 
permissible/non-permissible HLA mismatches for all potential mismatch combinations, ei-
ther epidemiologically or by in vitro studies, is a laborious, extremely costly and hardly pos-
sible task, due to the enormous diversity of the HLA system. Therefore, using the knowledge 
regarding HLA-induced alloreactivity for the development of in silico prediction methods, 
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may generate universally applicable tools that help prevent alloreactivity and thereby im-
prove transplant outcome. 

Outline of this thesis
The aim of this thesis was to develop a method that can predict permissible HLA-
mismatches prior to HCT. As T cells play a key role in both GVHD and GVT development, we 
focused on the knowledge of T-cell recognition of mismatched HLA. Theoretically, donor T 
cells can recognize mismatched HLA via either direct or indirect recognition. During direct 
recognition, the donor T cell recognizes the complete HLA protein on the cell surface of a 
patient APC. The T cell interacts with the mismatched HLA presenting a certain peptide, 
potentially resembling a self-HLA presenting a pathogenic peptide, consequently leading to 
T-cell activation (Figure 3) (59, 60). During indirect recognition, the mismatched HLA is, just 
like any other protein, processed into peptides and presented as a peptide on HLA to the 
donor T cell (Figure 3, 4). The donor T cell then recognizes the peptide as foreign, similar 
as during a “normal” pathogen-induced response. In short, during direct recognition the 
donor T cell recognizes the mismatched HLA protein, whereas during indirect recognition 
a peptide derived from the mismatched HLA is recognized. The methods to predict both 
direct and indirect recognition will be reviewed in detail in Chapter 2. 

Direct recognition Indirect recognition

Mismatched HLA Shared HLA

Peptide derived from 
mismatched HLA

Donor T cell

Patient cell

Figure 3: Direct versus indirect recognition. During direct recognition (left panel) the donor T cell recognizes the 
mismatched HLA as an intact protein on the cell surface of a patient cell. During indirect recognition (right panel) 
the donor T cell recognizes a peptide derived from the mismatched HLA presented on a shared HLA molecule.
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This thesis describes Predicted Indirectly ReCognizable HLA Epitopes (PIRCHE) as a 

novel method to predict the probability of indirect T-cell recognition. The PIRCHE meth-
od (Figure 4) determines in silico which unique mismatched-HLA derived peptides can be 
presented on shared HLA to the donor T cells. From each HLA protein the proteasomal 
cleavage sites are located, to identify which potential peptides derived from the protein can 
be generated. From these potential peptides, the level of binding to shared HLA class I is 
subsequently predicted. For HLA class-II presentation, only binding to shared HLA class II is 
predicted, as HLA class II-processing routes are not reliably predictable yet. For all peptides 
that are predicted to bind to shared HLA, is determined whether they are specific to the 
mismatched HLA (Figure 4B). When peptides derived from the mismatched HLA are sim-
ilar to peptides derived from self HLA, they should not lead to alloreactivity, as T cells are 
educated not to respond to self peptides. This strategy then results in a number of unique 
mismatched-HLA derived peptides presented by shared HLA class I and II (PIRCHE-I and -II, 
respectively). In theory, PIRCHE-I predict the likelihood of CD8+ T-cell responses and PIRCHE-
II CD4+ T-cell responses.

Chapter 2 of this thesis reviews the available knowledge regarding methods that can 
predict permissible HLA mismatches, including the PIRCHE concept. Using the PIRCHE mod-
el, the effect of indirect T-cell recognition on clinical outcomes was studied in adult URD-HCT 
(Chapter 3-5) and CB-HCT (Chapter 6-7). 

In Chapter 3 the effect of PIRCHE after single HLA-mismatched HCT (9/10) was com-
pared with HLA-matched HCT (10/10). Patients with low PIRCHE-I and -II had similar overall 
survival as patients after a 10/10-matched HCT. A well-established model exists to predict 
direct recognition of HLA-DP mismatches. The presence of this model allowed to study the 
correlation between a direct and indirect recognition model in Chapter 4. Both models were 
highly correlated, although the PIRCHE model had a better predictive capability for acute 
GVHD. HLA-C mismatches lead to alloreactivity, besides their low expression level on the cell 
surface. We hypothesized that indirect recognition of HLA-C mismatches may explain this. 
Indeed, Chapter 5 shows that HLA-C mismatches led to high numbers of PIRCHE. We specu-
late that, due to these high numbers of PIRCHE, it may sometimes be preferable to select an 
HLA-B mismatch rather than an HLA-C mismatch.

The results of Chapter 3 urged us to investigate the role of PIRCHE in single (Chapter 
6) and double (Chapter 7) CB-HCT. Strikingly, after CB-HCT, PIRCHE-I strongly predicted the 
GVT effect, leading to superior survival in case of high PIRCHE-I numbers, and these chap-
ters therefore indicate specific PIRCHE-based donor-selection criteria, depending on the HC 
source. 

In Chapter 8, we studied the influence of patient-donor chimeric status on the effect 
of PIRCHE. The PIRCHE-induced effects on acute GVHD were only detectable in patients 
with complete donor chimerism, indicating that donor T cells are required for the PIRCHE 
effect. In Chapter 9, the numbers of CD4+ and CD8+ T cells in skin tissue sections of pediatric 
patients with GVHD were quantified and correlated to donor characteristics. Patients with 
PIRCHE-I or -II had higher numbers of T cells in their cutaneous infiltrates.

Chapter 10, the discussion and conclusions chapter, summarizes all the data and puts 
them in a broader perspective, especially with respect to the usage of PIRCHE in clinical 
practice and potential improvements.
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Figure 4: PIRCHE prediction. (A) For PIRCHE-I proteasomal cleavage sites are first determined to establish which 
potential peptides derived from the mismatched HLA can be presented. Subsequently binding affinity to shared 
HLA class I is used to select binders. For PIRCHE-II (right panel) only binding to shared HLA class II is predictable. 
(B) Only presented peptides that are different (the red peptide) between shared and mismatched HLA are counted 
as PIRCHE.
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Endosome
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Abstract
Human Leukocyte Antigen (HLA) mismatching leads to severe complications after solid-
organ transplantation and hematopoietic stem-cell transplantation. The alloreactive 
responses underlying the post-transplantation complications include both direct recognition 
of allogeneic HLA by HLA-specific alloantibodies and T cells, and indirect T-cell recognition. 
However, the immunogenicity of HLA mismatches is highly variable; some HLA mismatches 
lead to severe clinical B cell- and T cell-mediated alloreactivity, whereas others are well-
tolerated. Definition of the permissibility of HLA mismatches prior to transplantation allows 
selection of donor-recipient combinations that will have a reduced chance to develop 
deleterious host-versus-graft responses after solid-organ transplantation and graft-versus-
host responses after hematopoietic stem-cell transplantation. Therefore, several methods 
have been developed to predict permissible HLA-mismatch combinations. In this review we 
aim to give a comprehensive overview about the current knowledge regarding HLA-directed 
alloreactivity and several developed in vitro and in silico tools that aim to predict direct and 
indirect alloreactivity.
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Introduction
Human Leukocyte Antigen (HLA) matching significantly reduces the risk of graft rejection and 
graft failure after solid-organ transplantation (1-3) and graft-versus-host disease (GVHD) 
after hematopoietic stem-cell transplantation (HSCT) (4-9). These pathological conditions 
evolve due to an alloreactive immune response that is initiated through interaction 
of allogeneic HLA with antibodies or the T-cell receptor (TCR). The subsequent immune 
response directed against allogeneic HLA impairs transplant outcome, emphasizing the 
need to avoid alloreactive responses after transplantation. 

The highly polymorphic HLA system can subdivided into two major classical classes: 
HLA class I  and HLA class II.  In general, HLA class-I molecules (HLA-A, -B, -C) present endog-
enous peptides of 8-11 amino acids in length that can be recognized by CD8+ T cells, while 
HLA class-II molecules (HLA-DR, -DQ, -DP) present exogenous peptides of 13-18 amino acids 
in length that can be recognized by CD4+ T cells. HLA class-I molecules consist of a polymor-
phic alpha chain and a non-polymorphic beta-2-microglobulin, and have a rather closed 
peptide-binding groove. On the other hand, HLA class-II molecules consist of a polymorphic 
alpha and beta chain, and have a more open structure. 

Acquiring HLA-matched donors for transplantation is very challenging, due to the high 
level of polymorphisms in the HLA system. HLA-incompatible transplantations can therefore 
not be avoided for a large number of patients. In those cases where a fully HLA-matched 
donor is not available, there is a clinical need to predict whether a certain HLA mismatch will 
elicit severe B-cell and T-cell mediated alloreactive responses or not. There is cumulating ev-
idence that these high-risk HLA mismatches (so-called non-permissible mismatches / unac-
ceptable mismatches) and well-tolerated HLA mismatches (so-called permissible mismatch-
es / acceptable mismatches) exist, as epidemiological studies have shown that permissibility 
of HLA-mismatched combinations is highly variable (6, 7, 10). For example, HLA-B*44:02 
and HLA-B*44:03 mismatching leads to the induction of allospecific CD8+ T cells in vitro (11) 
and bone marrow-allograft rejection in vivo (12). The amino-acid sequences of HLA-B*44:02 
and HLA-B*44:03 differ only in one amino acid (13), indicating that even small amino-acid 
changes between HLA molecules can result in major alloreactive immune responses after 
transplantation. On the other hand, HLA class-I mismatches that are highly diverse may well 
be tolerated in HSCT (14). Differences in permissibility between HLA-mismatched combina-
tions may be explained by a different impact of amino-acid polymorphisms on peptide-bind-
ing features. Some amino-acid sequence polymorphisms will alter peptide-binding motifs 
and peptide-HLA complex conformation, thereby potentially inducing alloreactive immune 
responses, while others will not alter peptide-HLA landscapes. 

Characterizing the permissibility of HLA mismatches prior to transplantation allows se-
lection of the most optimal donor-recipient match, and thereby will help to diminish the risk 
of post-transplantation complications after HLA-incompatible transplantations. However, 
epidemiological studies do not provide a universal tool for defining permissibility for every 
HLA-mismatched combination, as these data are limited to the specific HLA-mismatched 
combinations studied; very large study populations would be required to study all potential 
combinations. Several approaches have therefore been developed to define permissibility 
of HLA-mismatched combinations; some of these approaches are very useful in predicting 
alloreactivity. We here review the current knowledge regarding HLA-directed alloreactivity 
and the various in vitro and in silico methods that can be used to predict this alloreactivity.
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Pathways of allorecognition
HLA alloreactivity in transplantation involves both B cell- and T cell-mediated responses. 
Three mechanisms of alloreactivity directed towards allogeneic HLA have been described: 
direct, indirect, and semi-direct allorecognition. 

IgG HLA alloantibodies directly recognize intact allogeneic HLA molecules that are pres-
ent on the cell surface. These antibodies play a pivotal role in solid-organ transplantation 
and probably also have a role in HSCT (15-18). The humoral response directed against allo-
geneic HLA can be established upon exposure to allogeneic HLA during pregnancies, blood 
transfusions, or (previous) transplantations. During this response, allogeneic HLA antigens 
are internalized by B cells and processed into peptides. These peptides can subsequently 
be presented on HLA class-II molecules that are present on the cell surface. Recognition of 
these HLA class-II presented HLA-derived epitopes by CD4+ T cells results in B-cell activation 
and IgM to IgG isotype switching (19). Donor-specific IgG HLA antibodies (DSA) that are sub-
sequently produced can bind directly to small polymorphic amino-acid residue patches that 
are present on the molecular surface of HLA antigens (20-22), thereby inducing rejection of 
graft tissue/cells, designated as antibody-mediated rejection. 

In addition to alloantibodies, alloreactive T cells can also directly recognize intact al-
logeneic HLA molecules (23). There is compelling evidence that cross-reactive T cells are 
involved in direct T-cell recognition (24-31). These cross-reactive T cells initially react to-
wards a foreign peptide, for instance a viral peptide, presented by self HLA. However, these 
T cells can also respond to allogeneic HLA presenting a self or viral peptide (24-31). Although 
these cross-reactive T cells can persist over time, direct T-cell recognition is predominantly 
involved in the acute stage of alloreactivity (32). Intact HLA molecules present on resident 
donor-derived antigen-presenting dendritic cells are considered to be the driving force be-
hind direct recognition in solid-organ transplantation, since parenchymal cells within trans-
planted tissues are unable to induce direct T-cell recognition (reviewed in (33)). Because 
these dendritic cells are depleted over time, the contribution of direct recognition in chronic 
graft rejection after solid-organ transplantation is limited (32,33). 

In contrast to direct T-cell recognition, indirect T-cell recognition is considered to be 
mainly involved in later stages of alloreactivity (34). During indirect recognition, T cells rec-
ognize processed epitopes derived from allogeneic HLA that are presented by HLA mole-
cules that are likely shared between donor and recipient (35, 36), as T cells are restricted to 
self HLA. Indirect T-cell recognition is also involved in the formation of HLA alloantibodies, 
since T-cell recognition of B-cell presented HLA epitopes is required in this process (19, 37). 
Thus, indirect T-cell recognition may also partly contribute to early alloreactivity, as indirect 
recognition can amplify the direct recognition response.

In semi-direct allorecognition, allogeneic HLA:peptide complexes are transferred from 
allogeneic cells to autologous dendritic cells, resulting in a chimeric antigen-presenting cell 
(38). Transfer of allogeneic HLA:peptide complexes can be achieved through secretion of 
endosomes containing HLA:peptide complexes (39) or through cell-to-cell contact between 
donor and recipient dendritic cells (40). Antigen-presenting cells that acquire intact alloge-
neic HLA:peptide complexes on their cell surface may elicit both direct and indirect allore-
active T-cell responses. Although in vivo evidence for the role of the semi-direct allorecog-
nition pathway in graft rejection and GVHD is limited, it has been shown that this pathway 
is able to elicit cytotoxic alloimmunity in vitro and in vivo (41), and that the transfer of 
allogeneic HLA:peptide complexes likely occurs in an in vitro system of GVHD (42). These ob-
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servations suggest that semi-direct allorecognition may be involved in post-transplantation 
complications.

Prediction of direct HLA recognition by antibodies
Humoral sensitization to HLA class-I and class-II epitopes and the subsequent production 
of HLA-specific antibodies can occur upon pre-transplant exposure to allogeneic HLA. 
The presence of DSA before transplantation is related to antibody-mediated rejection, 
and significantly impairs graft prognosis (15, 16). Therefore, evaluation of HLA-sensitizing 
events (i.e. pregnancies, blood transfusions, and previous transplants) is generally included 
in standard pre-transplantation screening. Pregnancy is a major contributor to HLA 
sensitization, as approximately 30% of the pregnancies results in child-specific sensitization 
towards HLA-A, -B, -C, and/or -DR loci (43). Moreover, the HLA sensitization frequency 
increases with the number of full-term pregnancies (43). Blood transfusions can induce 
HLA sensitization in approximately a third of the solid-organ transplantation recipients 
(44). However, blood transfusions have a less prominent effect on HLA alloimmunization 
than pregnancy and solid-organ transplantation (44, 45). In addition to the classical 
sensitizing events, HLA alloantibodies can also be raised against epitopes in allergens, 
ingested proteins, and microorganisms that are cross-reacting with HLA (46). Although the 
presence of these ‘natural’ DSA in kidney recipients is associated with the induction of mild 
episodes of antibody-mediated rejection, these patients have favorable graft outcome (47). 
Therefore, the existence of these ‘natural’ DSA prior to transplantation is currently not a 
contraindication for transplantation (47).

Although DSA-detection methods are important tools for risk assessment prior to 
transplantation, pre-transplant evaluation of preformed DSA remains challenging. For ex-
ample, antibodies might become undetectable at the moment of transplantation due to the 
decay of antibody levels over time (48). The clinical relevance of these pre-existing low DSA 
levels is highly variable; some preformed DSA will elicit HLA alloreactivity in vivo, whereas 
others will not. Currently used detection methods may thus not detect the whole repertoire 
of clinically relevant DSA. Moreover, risk assessment of high DSA levels is also complicat-
ed. The complement-dependent cytotoxicity (CDC) crossmatch assay (reviewed in (49)) is 
a potent manner to measure the presence of clinically relevant antibodies, whereas other 
DSA-detection assays, like the HLA-based enzyme-linked immunoabsorbent assay (ELISA) 
and Luminex-based assays (50, 51), provide valuable but limited information about the clin-
ical relevance of identified DSA. Currently, the CDC assay seems to be a potent indicator for 
alloreactivity, while in vitro DSA-detection methods can further support the matching pro-
cedure for solid-organ transplantation. Combining in vitro assays with an in silico prediction 
method allows identification of acceptable HLA mismatches towards which a recipient will 
likely not develop antibody-mediated responses.

 
In vitro DSA screening assays
Assessment of humoral sensitization to allogeneic HLA was initially performed by the CDC 
crossmatch assay (49). This assay measures the presence of preformed or de novo formed 
antibodies through their induction of complement-dependent lymphocyte killing. A positive 
CDC test was associated with a significantly impaired outcome after kidney transplantation 
(49, 52). Despite its potency to mimic the in vivo situation, CDC crossmatch assays lack 
sensitivity (49) and may show false-positive results (53). To overcome these problems, a 
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more sensitive assay was developed: the flow cytometry-based crossmatch (FCXM) assay 
(54). However, both FCXM and the classical CDC crossmatch test correlate equally well to 
clinical outcome after kidney transplantation (55). 

The lack of sensitivity and specificity of cytotoxicity crossmatch assays has led to de-
velopment of solid-phase assays, such as the HLA-based ELISA and Luminex assays (50, 51). 
These solid-phase methods, particularly Luminex, are very sensitive and specific; relevant 
anti-HLA class-I and class-II antibody profiles in solid-organ transplant recipients can be iden-
tified and monitored over time. Combining antibody profiles that are present in solid-organ 
transplant recipients, with HLA typing of the donor, designated as virtual crossmatching, 
allows identification of DSA, and therefore might be useful in risk stratification prior to sol-
id-organ transplantation (reviewed in (56, 57)).  Unfortunately, estimation of the clinical 
relevance of DSA detected with solid-phase assays remains challenging (56), as tools to dis-
criminate between non-detrimental DSA and deleterious DSA are lacking. Nevertheless, the 
presence of class-I and class-II DSA detected by Luminex in the absence of positive CDC 
assay is suggested to be indicative for impaired graft outcome in kidney transplantation (58). 

HLAMatchmaker 
In vitro CDC-based DSA-detection assays have their limitations; these assays are not suitable 
to determine HLA-mismatch permissibility for highly sensitized transplantation candidates. 
Because of the high sensitization levels in those individuals, CDC assays often become 
almost completely positive, which complicates selection of suitable CDC-negative donors 
that will not elicit HLA alloreactivity in vivo. Therefore, alternative in silico methods were 
sought to predict acceptability of HLA-mismatched combinations. 

An established and well-accepted in silico method is HLAMatchmaker. The in silico 
algorithm HLAMatchmaker is based on the principle that HLA-specific alloantibodies can 
bind to distinct amino-acid polymorphisms (immunogenic epitopes) present on HLA anti-
gens (20,21). Multiple polymorphic amino-acid residues on the molecular surface of HLA 
antigens have been identified. Some of these residues are inaccessible for antibodies, since 
they are located near the cell membrane or within peptide-binding groove of the HLA mole-
cule, while other residues are fully accessible for antibodies (20, 21). HLAMatchmaker uses 
this knowledge to predict which HLA mismatches are not able to induce complications in 
transplantation recipients by defining the acceptable mismatches (20, 21). Initially, HLA-
Matchmaker defined immunogenic epitopes as antibody-accessible, linear sequences of 
amino-acid polymorphisms (triplets) (20, 21). Triplets that are present in donor HLA anti-
gens, but not in the recipient HLA antigens, were considered to elicit humoral responses (20, 
21). On the other hand, triplets that are present in both donor and recipient HLA antigens, 
were considered as acceptable (20, 21). Thus, HLAMatchmaker provides a tool for identifi-
cation of acceptable HLA mismatches.

The clinical applicability of HLAMatchmaker in matching strategies has been exten-
sively evaluated. It has been shown that the triplet version of HLAMatchmaker is a potent 
indicator for the presence and magnitude of allogeneic HLA-directed antibody responses 
in renal transplantation and during pregnancy (59, 60). In contrast, the number of triplet 
mismatches was not indicative for the induction of T-cell alloreactivity (61). This lack of cor-
relation between triplets and T-cell alloreactivity  is probably caused by alternative epitope 
binding by T cells or by the involvement of larger polymorphic sequences in T-cell alloreac-
tivity (61). With regard to HSCT, the number of triplets did neither correlate to acute GVHD, 



Predicting alloreactivity in transplantation

27

2

nor engraftment, nor survival (62). 
Despite its applicability in HLA-matching strategies, the triplet version of HLAMatch-

maker represents an incomplete repertoire of immunogenic epitopes, as only linear se-
quence positions are implemented (22). This hiatus has resulted in the development of a 
redefined version of HLAMatchmaker that identifies eplets (22). Eplets are immunogenic 
HLA epitopes that are critical for antibody binding and consist of polymorphic amino-acid 
patches located at the molecular surface of HLA molecules (22). These polymorphic patches 
may consist of polymorphisms in linear sequence positions and three-dimensional polymor-
phic patches in discontinuous sequence positions. Therefore, implementation of eplets into 
the algorithm has led to a more accurate definition of structural HLA epitopes. 

Evaluation of the eplet version of HLAMatchmaker has shown a similar performance in 
predicting allogeneic HLA acceptability compared to the triplet version (60). Nevertheless, 
the eplet version of HLAMatchmaker provides further discrimination of highly divergent HLA 
specificities (60). Although conflicting results were reported with regard to the prognostic 
information that is provided by HLAMatchmaker on graft outcome ((63-66), reviewed in 
(67)), it is generally accepted that HLAMatchmaker is a suitable tool to analyze serum anti-
bodies and to identify acceptable mismatches in solid-organ transplantation (67). However, 
HLAMatchmaker is inappropriate for HSCT donor selection (62). 

In addition to the number of eplets as determined by HLAMatchmaker, additional de-
terminants can be used to define allogeneic HLA acceptability, for instance physiochemical 
properties of polymorphic amino acids (68). Differences in physiochemical properties be-
tween mismatches, including electrostatic potential and hydrophobicity, are useful to pre-
dict HLA class I- and class II-specific alloantibody responses prior to solid-organ transplan-
tation (68-70). With higher physiochemical disparity between HLA mismatches, the risk of 
antibody development increases after kidney transplantation (68-70). These observations 
suggest that differences in physiochemical properties between polymorphic amino acids 
may be relevant in defining acceptable HLA mismatches. However, evidence to support clin-
ical relevance is currently lacking. 

Prediction of direct T-cell recognition
The presence of T cells directly recognizing intact allogeneic HLA molecules was previously 
shown in individuals suffering from graft rejection after solid-organ transplantation (71,72) 
and GVHD after HSCT (73). There is compelling evidence that direct T-cell alloreactivity 
results from cross-reactive T cells that are initially primed by a foreign peptide, for instance 
a viral peptide (24-31). For example, the HLA-B*08:01-presented EBV peptide FLRGRAYGL 
is recognized by an EBV-specific TCR (74), that possesses cross-reactive capacities towards 
HLA-B*44:02-presented peptide EEYQAFTY (24, 75). Thus, the HLA-B*08:01-presented 
peptide FLRGRAYGL elicits a public immune response. During a public immune response, 
the immune response directed against an identical epitope is dominated by T cells 
expressing similar TCRs in multiple subjects (76). Since virus-specific T cells can be detected 
in high levels in healthy individuals (77), it is likely that cross-reactive virus-specific T cells 
may be present in both solid-organ transplantation recipients and HSCT donors prior to 
transplantation. The presence of virus-specific T cells that are cross-reactive with allogeneic 
HLA in these individuals, may significantly contribute to complications after transplantation. 
However, most virus-specific T-cell responses do not have the propensity to induce public 
TCR responses nor predictable cross-reactivity with allogeneic HLA (78). A single viral 
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infection can therefore result in the establishment of multiple T cells that are cross-reactive 
to multiple HLA molecules, whereas other viral infections do not give rise to these cross-
reactive T cells. In addition, virus-specific T cells with the same antigen specificity, but 
different TCRs, elicit different unpredictable patterns of alloreactivity (26, 79).

The molecular mechanism behind T-cell cross-reactivity is complex and currently in-
completely understood. T-cell cross-reactivity assumably arises due to structural homol-
ogy of HLA:peptide complexes (reviewed in (78)) rather than sequence homology of the 
presented peptides. Despite their sequence dissimilarity, the structure of FLRGRAYGL and 
EEYQAFTY epitopes in the context of their presenting HLA molecules is quite similar (75). 
Therefore, molecular mimicry likely attributes to the observed cross-reactivity between 
these epitopes. On the other hand, cross-reactive TCR in mice can dock to self MHC:peptide 
complexes in a different orientation than to allogeneic MHC:peptide complexes, suggesting 
that cross-reactivity can be established without molecular mimicry (80). Thus, direct allo-
reactivity is a complex immune response that can only partially be explained by molecular 
mimicry. Since the molecular mechanism behind direct T-cell recognition is poorly under-
stood, prediction of alloreactivity based on viral history is complex. Knowledge about viral 
history is therefore not sufficient to predict direct T-cell alloreactivity directed towards allo-
geneic HLA. Since direct T-cell allorecognition was studied intensively over the past decades, 
several alternative approaches to predict direct T-cell alloreactivity in vitro and in silico have 
been developed.  

Cytotoxic T-lymphocyte precursor assays 
Cytotoxic T-lymphocyte precursor assays (CTLp) determine permissibility of HLA mismatches 
through in vitro evaluation of effector cytotoxic T-cell induction. This Chromium 51 (51Cr) 
release-based assay, initially described by Brunner et al. (81), estimates cytotoxic T-cell 
activity directed against allogeneic HLA (82). Further development of this assay has resulted 
in an assay that estimates the extent of alloreactive T-cell responses directed towards 
allogeneic HLA (82). Since individual allogeneic HLAs can be linked to CTLp frequencies, 
these assays are a useful approach to distinguish between permissible and non-permissible 
mismatches in vitro (83). More importantly, a high CTLp frequency correlates reasonably 
well with clinical outcome in vivo; high CTLp frequencies were associated with graft 
rejection after solid-organ and tissue transplantation (73, 84, 85), and with GVHD and 
impaired survival after allogeneic HSCT (82, 83, 86). Association between graft failure and 
the presence of primed cytotoxic T lymphocytes in sensitized transplant candidates (e.g. 
women after previous pregnancy) was shown as well (87). 

Despite the usefulness of CTLp assay in estimating T-cell alloreactivity, the time-con-
suming and laborious character of this assay is a major drawback (82). In order to over-
come these disadvantages, alternative in silico approaches have been sought that mimic the 
CTLp assay result (88). To this end, amino-acid polymorphisms at TCR-recognition and pep-
tide-binding regions between HLA class-I mismatches were analyzed for their physiochem-
ical and/or position characteristics and were correlated to CTLp outcome (88). These anal-
yses resulted in the establishment of a novel algorithm, which aims to predict HLA class I 
mismatch-specific CTL alloreactivity (88). Although the algorithm can predict CTLp outcome 
reasonably well, usage of this model for donor selection seems limited; this tool does not 
predict GVHD development in patients receiving HSCT (89).
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T-cell epitope model 
The first clinically relevant model that successfully estimates the effect of direct recognition 
in HSCT has recently been developed. This HLA-DPB1-restricted model is designated as 
the T-cell epitope (TCE) model (90). This model has been based on in vitro data from two 
alloreactive T-cell clones isolated from an HSCT patient with graft rejection due to an HLA–
DPB1 mismatched graft (90). Membrane-bound intact HLA was essential for recognition 
of the HLA-DPB1 mismatch by the alloreactive T-cell clones; the clones did not respond to 
B-lymphoblastoid cell lines transduced with a truncated mismatched-HLA-DPB1 construct 
that did not lead to cell-surface expression of HLA-DPB1 (90). Thus, it seems likely that 
these two alloreactive T-cell clones recognized the HLA-DPB1 mismatched antigen in a 
direct manner. 

In order to identify patterns of recognition of other alleles, the T-cell clones were fur-
ther tested for their recognition of other HLA-DPB1 alleles (90). Alleles were divided into 
three different immunogenic levels: highly immunogenic (i.e. both clones recognized the 
alleles), intermediate immunogenic (i.e. one of the clones recognized the allele but the oth-
er did not), or non-immunogenic (i.e. both clones did not recognize the allele). Since testing 
of all HLA-DPB1 alleles in vitro is very time-consuming, immunogenicity of other HLA-DPB1 
alleles was extrapolated, based on similarities between the peptide-binding grooves of the 
in vitro tested alleles and the not-tested HLA-DPB1 alleles. 

Subsequently, HLA-DPB1 mismatches were labeled as permissive or non-permissive 
based on their immunogenic level and the concept of thymic education. For example, when 
the HLA-DPB1 allele of the donor belongs to the highly immunogenic group, then donor T 
cells should be educated not to respond to HLA-DPB1 alleles belonging to the highly immu-
nogenic group, and, in theory, will also not respond to lower immunogenic alleles. There-
fore, when the recipient has an HLA-DPB1 allele belonging to the same or a lower immuno-
genic group, then the HLA-DPB1 mismatch will be permissive in the graft-versus-host (GVH) 
direction. On the other hand, since the HLA-DPB1 allele of the recipient is not immunogenic, 
recipient T cells are able to respond to (higher) immunogenic alleles of the donor. Thus, such 
mismatches are non-permissive in the host-versus-graft (HVG) direction. 

Non-permissive mismatches defined by the TCE model, are highly correlated to allo-
reactivity as reflected by GVHD, graft rejection, and transplant-related mortality after HLA-
DPB1-mismatched HSCT (4, 90-92). Counterintuitively, in these situations, the direction of 
the non-permissiveness appears not to be important: both HVG and GVH non-permissive 
mismatches lead to alloreactivity in the GVH direction (i.e. GVHD) (4, 91). Therefore, both 
HVG and GVH non-permissive mismatches are considered as overall non-permissive (4, 91). 
The underlying biology of this bidirectional non-permissiveness is currently poorly under-
stood.

HistoCheck
The in silico model HistoCheck has been developed to estimate T-cell alloreactivity between 
HLA class-I and class-II mismatches (93). HistoCheck calculates a matching score for any 
donor-recipient combination based on their HLA typing, the so-called sequence-similarity 
matching score (93). The sequence-similarity matching score is determined by comparing 
differences in amino acids between HLA alleles with regard to their functional similarity and 
their location in the HLA molecule; amino-acid positions involved in TCR recognition and 
HLA-peptide binding are implemented in the sequence-similarity matching score (93). As 
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a high sequence-similarity matching score represents a high level of dissimilarity between 
donor and recipient (93), correlation of the sequence-similarity matching scores with clinical 
outcome was expected. However, HistoCheck is not indicative for transplant outcome in vivo, 
as sequence-similarity matching scores showed no correlation with GVHD after HSCT (94-
96). The inability of HistoCheck to be indicative for T-cell alloreactivity may be explained by 
several limitations of this model: HistoCheck does not integrate the presence of alloreactive 
donor T cells nor viral history in its algorithm. Additionally, the concepts of aforementioned 
molecular mimicry between HLA:peptide complexes and unconventional docking of TCR, 
are not included in HistoCheck. Since these aspects of direct T-cell recognition are complex 
and not fully understood, establishment of reliable, clinically relevant tools to predict direct 
T-cell recognition remains challenging.

Prediction based on specific amino-acid changes
An alternative approach to predict direct T-cell alloreactivity, is to analyze the impact of 
amino acids at certain locations within HLA molecules. Several amino-acid substitutions in 
the peptide-binding domain of HLA class-I molecules are related to an increased risk of 
GVHD (6), whereas other amino-acid substitutions are related to a diminished relapse risk 
(7). The effect of specific amino-acid changes on alloreactivity was recently investigated 
in a large cohort (97). In this study, the impact of changes on HLA class-I positions 9, 99, 
116 and 156 for peptide binding alteration and position 77 for killer cell immunoglobulin-
like receptor binding, was investigated in recipients of an allogeneic HSCT with a single 
allelic mismatch at either the HLA-A, -B, or –C locus (97). Particularly amino-acid changes 
at position 116 in HLA-C were associated with an increased acute GVHD risk (97, 98), but 
also changes at position 99 for HLA-C and position 9 for HLA-B were associated with clinical 
T-cell alloreactivity (97). By determining the effect of specific amino acids within the HLA 
molecule, multiple amino-acid positions have been identified that influence transplantation 
outcome; this knowledge may be used for donor selection.

Prediction of indirect T-cell recognition
Indirect recognition of allogeneic HLA acts via presentation of peptides derived from 
allogeneic HLA molecules. Over 350 of these indirectly recognizable HLA-derived peptides 
have been eluted from HLA (99). T cells recognizing these peptides likely play a role in 
alloreactivity;  the erection of indirectly recognizing T cells after solid-organ transplantation 
was strongly correlated to both acute (100-102) and chronic graft failure (102, 103). 
Furthermore, the presence of circulating T cells recognizing allogeneic HLA epitopes in an 
indirect manner was predictive of rejection (101). As mentioned previously, indirect T-cell 
recognition is considered to be a slower alloreactive response than direct T-cell recognition 
(33, 34). The proposed slower rate of indirect T-cell recognition may be related to the idea 
that indirectly recognizing T cells arise from the naive pool, whereas directly recognizing T 
cells likely evolve from the memory pool, as the latter T cells are supposedly cross-reactive 
(104). Since direct recognition has received most attention historically, not many methods 
are available to predict indirect recognition of HLA disparities; there is no in vitro system 
available, and only one in silico model. 

PIRCHES model
We have recently developed a model for in silico prediction of indirectly recognizable 
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HLA-derived peptides, the so-called PIRCHES model (Predicted Indirectly ReCognizable 
HLA Epitopes) (105). Indirect T-cell recognition that targets allogeneic HLA, depends on 
HLA-derived peptides that differ between host and graft. These HLA-derived peptides are 
likely presented on shared HLA. HLA-derived peptides that are identical between donor 
and recipient should be ignored by the alloimmune system, as T cells recognizing these 
peptides should have been deleted from the repertoire due to thymic selection. Thus, 
the HVG reaction of graft rejection after solid-organ transplantation should be evoked by 
donor-specific peptides, whereas GVHD after HSCT should be evoked by recipient-specific 
peptides. We have designated the donor-specific peptides that can be recognized by the 
recipient as HVG-PIRCHES, and the recipient-specific peptides that can be recognized by the 
donor as GVH-PIRCHES. 

In order to elicit indirect T-cell recognition, allogeneic HLA proteins need to be pro-
cessed into peptides and these peptides need to be presented on shared HLA. Since both 
steps are determined by certain motifs in the protein sequences, both antigen processing 
and antigen presentation pathways can be predicted via several (computational) tools (106-
120). Our PIRCHES model uses these predictions to define permissibility of HLA mismatch-
es. For HLA class-I peptide presentation (designated as PIRCHE-I), the PIRCHES model first 
determines proteasomal cleavage of all HLA molecules of the donor and recipient into pep-
tides and transport of those peptides via the transporter associated proteins (TAP) into the 
endoplasmatic reticulum (ER). Subsequently, the binding affinities of the predicted cleavage 
products to HLA class-I alleles are predicted, as a derivative of peptide presentation by the 
HLA class-I molecules that are shared between donor and recipient. Prediction of HLA class 
II-presented epitopes (PIRCHE-II) is restricted to HLA-binding affinity predictions of pep-
tides, since (enzymatic) cleavage patterns have not been clearly defined yet. 

On the basis of their performance, we implemented NetChop, NetMHCPan, and Net-
MHC-II or NetMHCIIPan (reviewed in (106-109)) in our PIRCHES model to predict the num-
ber of PIRCHE-I and PIRCHE-II. NetChop is a potent predictor of proteasomal cleavage and 
TAP transport, whereas NetMHCPan predicts binding affinity to HLA class I. NetMHC-II can 
predict peptide binding to HLA class-II alleles for which binding data exist, whereas for Net-
MHCIIPan these data were extrapolated to other alleles.  Both HLA class I- and HLA class 
II-binding predictors have good predictive capacities (106), and are frequently used in to 
identify viral epitopes (121).

The first construction of the PIRCHES model was based on predicting HLA class I-de-
rived peptide presentation on shared HLA-DR, and used the binding affinity predictions 
of NetMHC-II (105). After kidney transplantation with HLA class-I mismatches, mismatch-
es that led to allogeneic HLA-specific antibody production correlated to higher numbers 
of HVG-PIRCHE-II compared to mismatches that did not led to antibody production (105), 
suggesting that indirect recognition of HLA-derived epitopes was required for HLA-specif-
ic IgG antibody production. For HSCT, the situation is more difficult, as alloreactivity post 
HSCT not only involves CD4+ T-cell recognition and stimulation of B cells, but clearly in-
volves CD8+ T-cell recognition of alloantigens as well (122). The PIRCHES model was there-
fore extended to PIRCHE-I predictions. Moreover, usage of NetMHCIIPan was incorporated, 
as NetMHC-II can only predict binding to a limited number of HLA-DR alleles. Indeed, after 
HLA-mismatched HSCT, high numbers of both GVH-PIRCHE-I and -II are correlated to clinical 
alloreactivity (Thus et al., manuscripts in preparation). 

In the current PIRCHES model, we regarded any difference in presentable peptides 
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derived from donor-versus-recipient alleles as a PIRCHE (i.e. only one amino acid difference 
is regarded a difference). The model can likely be improved when the T-cell recognition 
is more specifically elucidated. It is well known that some positions of peptides are more 
important in TCR binding than others (123, 124), as amino acids that are lying deep in-
side the peptide binding groove of the presenting HLA molecule, are likely not seen by the 
TCR. Furthermore, polymorphisms leading to different peptide properties (e.g. polar versus 
nonpolar, hydrophobic versus hydrophilic) may lead to more pronounced T-cell recognition. 
These refinements are currently being studied for their effect on the predictive potential of 
the model.

Conclusion
HLA mismatches can cause severe post-transplantation complications such as graft rejection 
(1) and GVHD (5). In these complications, the induction of both antibody production 
and T-cell recognition may play a role. Interestingly, permissibility of HLA-mismatched 
combinations is highly variable; some mismatches are poorly tolerated, whereas others 
are highly permissible. Although the degree of HLA amino-acid sequence disparity varies 
largely amongst different HLA mismatches depending on the allelic versus antigenic nature 
of the mismatch and the HLA locus,  the number of polymorphic amino-acid residues in 
itself is not predictive for the permissibility of HLA-mismatched combinations, as multiple 
additional factors are involved. Both the nature and the position of the amino-acid 
polymorphisms within the mismatched HLA, as well as their effect on neighboring amino 
acids, determines the permissibility of HLA-mismatched combinations. Several approaches 
have been developed to predict the permissibility of HLA mismatches, thereby aiming to 
improve donor selection procedures. The objective of all these approaches is to predict the 
development of abovementioned antibody and T-cell recognition of allogeneic HLA.

Several well-established in vitro assays can be used to detect DSA that are related to 
impaired graft survival. In addition to these assays, HLAMatchmaker is a well-validated tool 
to identify which HLA mismatches do not induce alloreactive humoral responses in trans-
plantation recipients (20). Although HLAMatchmaker is a powerful predictor for acceptable 
HLA mismatches in solid-organ transplantation, this tool is not suitable for predicting HLA 
permissibility in the setting of HSCT (62).

With regard to direct T-cell recognition, the risk for clinical alloreactivity can be es-
timated with the in vitro CTLp assay (82). In addition to this in vitro assay, several in silico 
approaches aim at predicting direct recognition-based T-cell alloreactivity. For example, the 
TCE model can assess non-permissive HLA-DPB1 mismatches for HSCT (90). The relevance 
of the TCE model has not yet been investigated in solid-organ transplantation. Practically, 
one should note that HLA-DPB1 is rarely typed prospectively in the setting of solid-organ 
transplantation, as donor availability is more restricted than for HSCT. Although HistoCheck 
has been developed to estimate direct recognition in silico for all HLA loci, this model does 
not correlate to alloreactivity in vitro nor in vivo (95). Alternatively, several studies have 
identified amino-acid positions that are influencing transplantation outcome (97); this infor-
mation can be implemented in donor selection procedures. 

Indirect T-cell recognition can be predicted with the in silico PIRCHES model (105). This 
model predicts HLA-derived epitopes that can be presented on shared HLA class I and II. 
Both PIRCHE-I and -II are well correlated to alloreactivity after HSCT. With regard to PIRCHE-
II, increasing numbers of PIRCHE-II are correlated to antibody production after solid-organ 
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transplantation (105). 
Alloreactivity after transplantation can unlikely be attributed to one single pathway of 

HLA recognition. To determine the relative contribution of direct and indirect recognition, 
combining the different methods of predicting alloreactivity would be of interest. Direct 
and indirect recognition may act synergistically, and therefore the combination of a positive 
CTLp assay and a high number of PIRCHES may lead to a more pronounced alloreactive re-
sponse. Furthermore, combining the PIRCHES and the TCE model for HLA-DPB1 mismatches 
might allow identification of HLA-DPB1 mismatches recognized in both a direct and indirect 
manner. Moreover, a combination of low PIRCHE-II and low number of eplets as determined 
by HLAMatchmaker may be favorable in solid-organ transplantation.

In conclusion, over the past decades, many approaches have been developed to pre-
dict alloreactivity after transplantation in vivo, some attempts leading to more successful 
predictors than others. The failure of multiple tools to predict alloreactivity is not surprising, 
as knowledge about alloreactivity is still limited. However, multiple approaches seem to 
be clinically relevant and some are currently implemented in clinical practice. Further im-
provement of the definition of HLA-mismatch permissibility, and implementation of these 
definitions into the donor-selection procedure, will eventually lead to reduced alloreactivity, 
thereby improving clinical outcome after solid-organ transplantation and HSCT. 
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Abstract
HLA-mismatches in hematopoietic stem-cell transplantation (HSCT) correlate with 
impaired overall survival (OS). We aimed at identifying permissible HLA-mismatches. To 
this end, we analyzed a novel computational method that identifies Predicted Indirectly 
ReCognizable HLA-Epitopes (PIRCHE). PIRCHE are predicted peptides derived from the 
patient’s mismatched-HLA molecules that can be presented by donor-patient shared HLA. 
We studied the correlation between numbers of PIRCHE and clinical outcome, relative to 
HLA-matched HSCT. A Dutch multicenter cohort of 685 patients was retrospectively studied. 
PIRCHE were determined either presented on HLA class I (PIRCHE-I) or class II (PIRCHE-
II) antigens for patients receiving a single HLA-mismatched unrelated donor transplant 
(N=249), using HLA-A, -B, -C, -DRB1 and -DQB1 high-resolution typings. Patients were 
divided into three equal-sized groups according to their PIRCHE score (low, medium and 
high). The clinical outcome of these groups was evaluated and compared to a reference 
group of HLA-matched transplantations (N=436). The primary endpoints studied were OS 
and non-relapse mortality (NRM). 

Patients with low PIRCHE-I and -II had comparable OS (HR 1.33, 95%-CI 0.92-1.94, 
p=0.13) and NRM (HR 0.90, 95%-CI 0.54-1.51, p=0.69) as patients transplanted with an HLA-
matched donor. Patients with medium or high PIRCHE-I or -II had significantly increased 
risks of mortality (HR 1.44, 95%-CI 1.09-1.86, p=0.009) and NRM (HR 1.47, 95%-CI 1.06-2.02, 
p=0.02). Moreover, PIRCHE also dissected HLA mismatches into those with a significantly 
increased or comparable risk of progression-free survival and acute graft-versus-host dis-
ease as HLA-matched transplantations, whereas there were no differences in progression 
risk between the PIRCHE groups. Single HLA-mismatched transplantations with low PIRCHE 
have similar OS and NRM as HLA-matched transplantations, whereas the risk of mortality is 
significantly increased for HLA-mismatched transplantations with higher PIRCHE. PIRCHE in-
clusion in the donor-selection criteria may lead to the identification of the best permissible 
HLA-mismatched donor.
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Introduction
HLA mismatches are the most important risk factor for detrimental outcome following 
allogeneic hematopoietic stem-cell transplantation (HSCT) (1). The level of HLA typing has 
evolved greatly over the past decades (2): from a serological level, analyzing HLA expression 
on the cell surface of lymphocytes, to DNA-based methods. Consequently, donor and 
patient are currently being matched on allele-level HLA typing. Transplantation with an 
HLA-A, -B, -C, -DRB1 allele-level matched unrelated donor (8/8 MUD) led to a significantly 
better survival compared to transplantation with a donor that was mismatched for one 
of these loci (7/8) (3, 4). Although HLA-DQ has been defined as a classical transplantation 
antigen as well (5, 6), more recent studies showed that HLA-DQ mismatches only confer 
a risk when they are an additive mismatch in the 7/8-matched situation (3, 7). As HLA-DQ 
mismatching may be associated to impaired outcome (8), donor-selection criteria are often 
still based on allele-level matching for HLA-A, -B, -C, -DRB1, -DQB1 (10/10) (9), and any 
mismatch on either one of these loci is usually avoided. 

HLA-compatible MUDs are not available for up to 84% of the cases, depending on the 
ethnicity of the patient (10). Therefore, there is a need to identify permissible HLA mis-
matches. Such permissible HLA mismatches have been identified to some extent in large 
epidemiological studies: transplantation with these mismatches resulted in similar clinical 
outcome as HLA-matched transplantations (11, 12). However, with 8654 HLA protein vari-
ants identified today (IMGT database, accessible via: www.imgt.org, accession date 12-12-
2014), epidemiologically identifying all permissible HLA mismatches is a challenging and 
hardly possible task.

In silico models that assess the permissibility of HLA-mismatches may facilitate univer-
sal selection criteria of HLA-mismatched donors. Such in silico models can be constructed 
based on the concept that HLA mismatches are recognized by the donor T cell, and that this 
T-cell recognition results in a detrimental outcome (13). Mismatched HLA can be recognized 
by the donor T cell in a direct or indirect manner (14). During direct recognition, the donor 
T cell recognizes the intact mismatched HLA molecule on the cell surface of the patient’s 
cells,  whereas during indirect recognition, T cells recognize peptides derived from the mis-
matched HLA that are presented by a shared-HLA molecule. So far, in silico models aiming 
at predicting mismatched HLA-directed alloreactivity, focused on direct recognition of HLA 
disparities (15, 16). None of the investigated direct recognition models correlated with clin-
ical alloreactivity (17-19). 

Indirect recognition may be better predictable than direct recognition. To facilitate the 
identification of indirectly recognizable HLA epitopes, we have developed a novel compu-
tational strategy based on well-validated prediction tools (20-24). The potentially present-
ed HLA-derived epitopes predicted by our method are designated as “Predicted Indirectly 
ReCognizable HLA Epitopes” (PIRCHE). The PIRCHE method classifies PIRCHE presented ei-
ther by donor-patient shared-HLA class I (PIRCHE-I) or class II (PIRCHE-II), thus independent 
from the origin of the HLA mismatch. Theoretically, PIRCHE-I lead to CD8+ T-cell responses 
and PIRCHE-II to CD4+ T-cell responses. Two previous small cohort studies have shown that 
PIRCHE-I and -II numbers correlate with acute graft-versus-host disease (GVHD) develop-
ment (25, 26). 

For the patients for whom an HLA-compatible MUD is not available, clinicians face 
the difficult decision of selecting an HLA-mismatched donor, which can lead to impaired 
survival. Being able to identify permissible HLA-mismatches leading to comparable clinical 
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outcomes as HLA-matched HSCT, would provide a major step forward for these patients. 
Therefore, the aim of this study was to investigate whether in 9/10 transplantations, PIRCHE 
can provide the possibility of identifying permissible HLA mismatches that lead to similar 
overall survival (OS) and non-relapse mortality (NRM) as 10/10-matched HSCT.

Methods 
Study population
The cohort consisted of 685 patients transplanted for malignant diseases with MUDs at 8 
Dutch transplant centers from 1989 to 2011. The mean age was 39 years (standard deviation: 
19 years), and median follow-up of the patients still alive was 6 years (range 0-20 years). 
Patients were transplanted for various diseases: 456 (67%) for acute leukemia, 103 (15%) 
for lymphoma; 73 (11%) for chronic leukemia; and 53 (8%) for other diseases. The majority 
of 315 (46%) patients was transplanted in early disease stage; 229 (33%) in intermediate; 
and 100 (15%) in advanced stages. Of the 685 patients, 249 (36%) were transplanted with 
a 9/10 match, and 436 (64%) were transplanted with a 10/10 match. Table 1 shows the 
patient, donor and transplant characteristics according to match status. The indication 
for HSCT, the usage of anti-thymocyte globulin (ATG) and the sex-match status differed 
significantly between the 9/10 and 10/10 group. Clinical data were collected according 
to EBMT guidelines (accessible via: www.ebmt.org). Unambiguous allele-level resolution 
HLA-A, -B, -C, -DRB1 and -DQB1 typing was available for all patients and donors.

Identification of PIRCHE
PIRCHE were identified for each donor-patient pair, as described previously (25, 26). In 
short, PIRCHE-I were identified in two steps. First, proteasome-mediated cleavage and 
transportation via the TAP channel were predicted for all donor and patient HLA molecules 
using NetChop C-term 3.0 (20, 21). Subsequently, peptides were tested for their binding 
capacity to the HLA-A, -B, and -C molecules that were shared between the donor and 
patient, using NetMHCpan 2.4 (22, 23). Only peptides with IC50-binding values ≤500nM 
were accepted as relevant binders. For PIRCHE-II, the nonameric binding cores of potential 
15-meric HLA-DRB1 binders were predicted with NetMHCIIPan 2.0 (27, 28), considering 
IC50-binding values ≤1000nM as being relevant. Only unique patient-derived peptide-HLA 
complexes were classified as being a PIRCHE. The PIRCHE prediction algorithm is accessible 
via: www.pirche.org. The exact HLA mismatches and their PIRCHE scores have been listed 
in Table S1.

For the determination of PIRCHE, complete sequences of exon 1-8 for HLA class I and 
exon 1-6 for HLA class II are required. For most HLA alleles in our cohort, these complete 
sequences were available via the IMGT database (accessible via: www.imgt.org). To improve 
our PIRCHE determinations, protein sequences of HLA alleles that were not completely doc-
umented in the IMGT database, were estimated based on a nearest neighbor principle. In 
this nearest neighbor extrapolation, incomplete protein sequences were completed based 
upon the complete sequences from the HLA allele with the highest homology score for the 
documented partial protein sequences.

Definitions
The primary endpoints were OS, defined as time from HSCT to death due to any cause; and 
NRM, defined as mortality without previous progression of the primary malignancy, treating 
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10/10, N(%) 9/10, N(%) p

Number of patients 436 (64) 249 (36)

Age at HSCT, mean (SD) 40 (20) 38 (19) 0.24

Diagnosis

Acute leukemia 303 (70) 153 (61) 0.01

Chronic leukemia 49 (11) 24 (10)

Lymphoma 60 (14) 43 (17)

Other 24 (6) 29 (12)

Patient sex

Male 260 (60) 151 (61) 0.80

Female 176 (40) 98 (39)

Sex mismatch

Yes 59 (14) 55 (22) <0.01

No 370 (86) 192 (78)

HSCT year

1989-1996 26 (6) 15 (6) 0.38

1997-2004 121 (28) 57 (23)

2004-2011 290 (67) 177 (71)

Source

BM 143 (33) 76 (31) 0.54

PBSC 293 (67) 173 (70)

Conditioning

MA 227 (52) 127 (51) 0.78

RIC 207 (48) 121 (49)

ATG

Yes 232 (53) 179 (72) <0.01

No 204 (47) 70 (28)

Disease status

Early 212 (51) 103 (45) 0.32

Intermediate 140 (34) 89 (39)

Late 63 (15) 37 (16)

CMV mismatch

Yes 167 (39) 95 (40) 0.91

No 258 (61) 144 (60)

EBMT risk score

1 33 (8) 18 (8) 0.05

2 46 (11) 32 (14)

3 111 (27) 53 (23)

4 107 (26) 44 (19)

5 79 (19) 47 (21)

6 or 7 32 (8) 33 (15)

Table 1: baseline characteristics of 10/10 
and 9/10 groups. Differences between 
the 10/10 and 9/10 group were tested 
with chi-square for categorical variables 
and student’s T test for the continuous 
variable age. Patients receiving a 9/10 
match were significantly more often 
transplanted because of a myeloprolife-
rative disease, and received significantly 
more often a female-male transplantati-
on and ATG in their conditioning regimen 
compared to patients receiving a 10/10 
match. There was a trend for a higher 
EBMT risk classification in patients recei-
ving a 9/10 match compared to a 10/10 
match. HSCT: hematopoietic stem cell 
transplantation. Acute leukemia: acute 
myeloid leukemia (41%); acute lympho-
blastic leukemia (26%); myelodysplastic 
syndrome (24%); other (8%). Chronic leu-
kemia: chronic myeloid leukemia (100%). 
Lymphoma: non-Hogdkin (64%), chronic 
lymphocytic leukemia (26%); Hodgkin 
(10%). Other: multiple myeloma (57%); 
myeloproliferative neoplasia (43%). Sex 
mismatch: female donor for male pa-
tient. BM: bone marrow. PBSC: periphe-
ral blood stem cells. MA: myeloablative. 
RIC: reduced intensity conditioning. ATG: 
anti-thymocyte globulin. CMV mismatch: 
patient seropositive, donor seronegative 
or patient seronegative, donor seroposi-
tive.
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progression as a competing risk. Secondary endpoints were: progression-free survival (PFS), 
defined as time from HSCT to progression or death, whichever came first; acute GVHD; 
and progression. Grading of acute GVHD was defined according to international consensus 
criteria (29), treating progression and NRM as competing risks. For progression of the 
primary malignancy, NRM was treated as a competing risk.

Statistical analysis
Kaplan-Meier analysis and log-rank tests were performed to univariately analyze the effect 
of PIRCHE on OS. Multivariate Cox proportional hazard models were carried out to study 
time-dependent effects on OS and PFS. Models were checked for proportional hazards 
assumption and no violations were found. A center effect was adjusted using a gamma-
frailty term. Competing risk analysis were performed for NRM, acute GVHD and progression. 
Statistical models evaluated the following clinical predictors for inclusion: patient age 
(continuous), disease stage (early, intermediate, advanced), time to transplantation 
(continuous), donor-patient sex-match status, patient KIR ligand status (8), patient and 
donor CMV status, year of transplantation (in three groups), conditioning regimen intensity 
(myeloablative versus reduced intensity), stem-cell source (bone marrow versus peripheral 
blood stem cells), and GVHD prophylaxis with ATG. Stratification was used to account for 
heterogeneity of diagnosis. A p-value below 0.05 was considered statistically significant. 
Statistical procedures were performed with SPSS version 20.0 (SPSS Inc, Chicago, IL, USA), 
apart from the time-dependent analyses that were performed with R version 3.1.2 
(R Foundation for Statistical Computing, Vienna, Austria). 

Results 
Patient and donor characteristics
The 249 patients transplanted with a 9/10-MUD had significantly impaired OS compared to 
the 436 patients transplanted with a 10/10-MUD (HR 0.71, 95%-CI 0.56-0.91, p<0.001). This 
poorer OS is mainly due to an increased probability of NRM for the 9/10 compared to the 
10/10 group (HR 1.30, 95%-CI 0.96-1.75, p=0.09, Figure 1A). This risk of NRM related to HLA-
mismatches is likely the result of alloreactivity. To study whether the numbers of PIRCHE 
could dissect the 9/10 group into less or more alloreactive mismatches (i.e. permissible 
and non-permissible mismatches), the numbers of PIRCHE-I and -II were predicted for all 
patient-donor pairs. The numbers of PIRCHE-I and -II ranged from 0 to 17 and 0 to 48, 
respectively. Theoretically, a higher number of PIRCHE leads to an increased probability 
of T-cell recognition. The effect of higher numbers of PIRCHE on alloreactivity is likely not 
linear and, moreover, PIRCHE numbers were not normally distributed. Therefore, to enable 
studying a potential dose-dependent effect of PIRCHE, patients were divided in three equal-
sized groups based on the distribution of PIRCHE: presenting low, medium or high PIRCHE, 
as listed in Table 2. The NRM rates of these groups were compared using the low PIRCHE 
group as a reference group. 

Primary outcome: effect of PIRCHE on non-relapse mortality
Within the 9/10 group, both the PIRCHE-I as well as PIRCHE-II groups were associated to 
NRM risk (p=0.06, p=0.02, for PIRCHE-I and -II, respectively; Table 3). Theoretically, low 
PIRCHE-I or -II result in the lowest risk of alloreactivity. We therefore studied the risk of 
NRM for medium and high PIRCHE relative to the low PIRCHE group. High PIRCHE-I had 
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higher risks of NRM compared to low PIRCHE-I (HR 1.80, 95%-CI 0.97-3.34, p=0.06), for 
medium PIRCHE-I a similar trend was observed (HR 1.59, 95%-CI 0.89-2.85, p=0.12). High 
PIRCHE-II had a significantly increased risk of NRM compared to low PIRCHE-II (HR 1.94, 
95%-CI 1.10-3.43, p=0.02), again followed by a similar trend for medium PIRCHE-II (HR 1.54, 
95%-CI 0.85-2.80, p=0.16). Thus, both PIRCHE-I and -II appear correlated to the risk of NRM 
in 9/10 transplantations.

To study the risk of PIRCHE-I and -II relative to the HLA-compatible group, the NRM 
rates of the PIRCHE groups were compared to the 10/10 group. Patients with low PIRCHE-I 
or -II had similar NRM incidences as 10/10 transplantations, whereas there was an increased 
risk of NRM for patients with medium or high numbers of PIRCHE-I or -II (Figure 1B, C). 
Moreover, patients with low PIRCHE-I and -II had similar hazards of NRM as 10/10 trans-
plantations, whereas medium and high PIRCHE-I and medium PIRCHE-II had a trend for an 
increased hazard of NRM, and high PIRCHE-II had significantly increased NRM (HR 1.64, 
95%-CI 1.09-2.47, p=0.02; Table 3). Thus, low PIRCHE-I and -II had consistently similar NRM 
as 10/10 transplantations, whereas there were trends for increased probabilities of NRM in 
patients in the medium PIRCHE-I and -II groups and significantly increased risks in the high 
PIRCHE-I and -II groups.

PIRCHE groups Distribution

N %

PIRCHE-I low 0 88 35

PIRCHE-I medium 1-4 80 32

PIRCHE-I high 5-17 81 33

PIRCHE-II low 0-2 88 35

PIRCHE-II medium 3-13 77 31

PIRCHE-II high 14-48 84 34

Table 2: PIRCHE distribution of the 9/10 group.

PIRCHE groups Within 9/10 group Compared to 10/10 HSCT

HR 95%-CI p HR 95%-CI p

10/10 1 (ref) 0.03

PIRCHE-I low 1 (ref) 0.06 0.97 0.60-1.57 0.90

PIRCHE-I medium 1.59 0.89-2-85 0.12 1.43 0.95-2.17 0.09

PIRCHE-I high 1.80 0.97-3.34 0.06 1.51 0.98-2.33 0.06

10/10 1 (ref) 0.02

PIRCHE-II low 1 (ref) 0.02 0.92 0.58-1.46 0.73

PIRCHE-II medium 1.54 0.85-2.80 0.16 1.39 0.88-2.20 0.16

PIRCHE-II high 1.94 1.10-3.43 0.02 1.64 1.09-2.47 0.02

Table 3: Hazard ratios of NRM for PIRCHE tertiles compared to low PIRCHE or a 10/10 match. Patients in the PIR-
CHE-I and -II high and medium groups had higher risks of non-relapse mortality compared to low PIRCHE-I and -II 
and 10/10-matched transplantations, whereas patients in the PIRCHE-I and -II low groups have similar non-relapse 
mortality as 10/10-matched transplantations. NRM: non-relapse mortality. HR: hazard ratio. 95%-CI: 95%-confi-
dence interval of hazard ratio. Multivariate models included for 9/10 group: KIR ligand status (only for PIRCHE-I), 
CMV serostatus of the patient, year of transplantation, conditioning regimen intensity, patient age; for the overall 
group: conditioning regimen intensity, patient age. All models included stratification to correct for heterogeneity 
in diagnoses.
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PIRCHE-I and -II determine permissibility of mismatches
Since both PIRCHE-I and -II were associated to NRM, we hypothesized that the combination 
of PIRCHE-I and -II may be a more accurate marker to assess the permissibility of HLA 
mismatches, as it potentially reflects the net effect of both, HLA class-I and -II presented 
epitopes. As we aimed to determine which HLA mismatches result in similar outcome as 
HLA matches, only HLA mismatches generating both low PIRCHE-I and -II were considered 
permissible (N=76), whereas mismatches resulting in medium or high (higher) PIRCHE-I or -II 
were designated as non-permissible (N=173). Patients with a permissible PIRCHE mismatch 
received less frequent ATG and more often a CMV-matched donor compared to patients 
with a non-permissible PIRCHE mismatch (Table 4). Both ATG and CMV status of patient and 
donor were not significantly associated to the tested clinical outcomes, and therefore these 
uneven distributions have likely not impacted our results. 

Indeed, patients with a permissible PIRCHE mismatch demonstrated similar OS and 
NRM as patients after 10/10-matched HSCT, whereas patients with a non-permissible mis-
match had a significantly increased hazard of overall mortality (HR 1.44, 95%-CI 1.09-1.86, 
p<0.01), and an increased risk of NRM (HR 1.47, 95%-CI 1.06-2.02, p=0.02, Figure 1D, E). To 
summarize, permissible PIRCHE mismatches, defined as low PIRCHE-I and -II, had a similar 
survival rate as those transplanted with a 10/10-matched donor; in contrast to non-per-
missible PIRCHE mismatches, who had a significantly increased probability of overall and 
non-relapse mortality.

Secondary endpoints
Additionally, the effects of permissible or non-permissible PIRCHE mismatches on the 
secondary endpoints PFS, acute GVHD and progression were studied (Figure 1E). Patients 
with a permissible mismatch had a similar probability of PFS as 10/10-matched HSCT, 
whereas patients with a non-permissible mismatch had impaired PFS (HR 1.38, 95%-CI 
1.06-1.80, p=0.02). Moreover, patients with a permissible PIRCHE mismatch did not have 
an increased probability of acute GVHD compared to 10/10 transplantations, whereas 
patients with a non-permissible PIRCHE mismatch had (HR 1.71, 95%-CI 1.23-2.39, p<0.01; 
HR 1.84, 95%-CI 1.04-3.27, p=0.04; for grade II-IV and III-IV, respectively). Progression 
rates were comparable amongst all three groups (10/10, permissible and non-permissible 
mismatches). In conclusion, patients with higher PIRCHE-I or -II had a significantly increased 
probability of alloreactivity compared to 10/10 transplantations, as reflected by increased 
risks of acute GVHD and NRM, resulting in impaired PFS and OS. Patients with low PIRCHE-I 
and -II had comparable clinical outcomes as patients transplanted with a 10/10-MUD. 
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Figure 1:  Non-relapse mortality incidence curve for (A) 9/10 versus 10/10 transplantations; (B) PIRCHE-I groups 
versus 10/10; (C) PIRCHE-II groups versus 10/10; (D) Permissible and non-permissible PIRCHE mismatches versus 
10/10; and (E) hazard ratios of permissible and non-permissible PIRCHE mismatches.  Patients receiving a 9/10-
MUD had higher non-relapse mortality incidences compared to patients receiving a 10/10-MUD. Patients in the 
PIRCHE-I and -II low groups had comparable non-relapse mortality as patients receiving a 10/10-MUD. Patients in 
the PIRCHE-I and -II medium and high groups had higher non-relapse mortality incidences than the 10/10 group. 
Since PIRCHE-I and -II low had similar clinical outcome as the 10/10 group, they were combined into one group 
of permissible PIRCHE mismatches. Mismatches resulting in higher PIRCHE-I or -II were regarded non-permissible. 
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Figure 1 (continued): In multivariate analyses, patients with a permissible PIRCHE mismatch had comparable cli-
nical outcomes as those receiving a 10/10-MUD (indicated with a HR of 1, the dotted line), whereas patients with 
a non-permissible PIRCHE mismatch had significantly increased risks of detrimental outcome, apart from relapse. 
In the non-relapse mortality curves, cumulative incidences are stated ± standard error. *: Gray-test p<0.05. OS: 
overall survival. PFS: progression-free survival. NRM: non-relapse mortality. aGVHD: acute graft-versus-host di-
sease. Permissible PIRCHE mismatch: PIRCHE-I and -II low. Non-permissible PIRCHE mismatch: PIRCHE-I or -II 
higher. HR: hazard ratio. 95%-CI: 95%-confidence interval of hazard ratio. Multivariate models included for OS: year 
of transplantation, disease status prior to transplantation, patient age, KIR ligand status; for NRM: conditioning 
regimen intensity, patient age; for PFS: year of transplantation, patient age, disease status prior to transplantation, 
KIR ligand status; acute GVHD grade II-IV: peripheral blood stem cells as a stem cell source; acute GVHD grade III-IV: 
peripheral blood stem cells as a stem cell source, conditioning regimen intensity, donor CMV status; relapse: year 
of transplantation, conditioning regimen intensity, disease status prior to transplantation. Cox proportional hazard 
models (OS, PFS) included a gamma frailty term to correct for center effects and all models included stratification 
to correct for heterogeneity in diagnoses.

Discussion
The aim of this study was to investigate whether permissible HLA mismatches can be 
identified by the PIRCHE model. In this large multi-center cohort, we demonstrate that 
9/10-MUD HSCT with low PIRCHE-I and -II is associated to clinical outcomes comparable to 
those observed after 10/10-MUD HSCT. Conversely, 9/10-MUD HSCT with higher PIRCHE-I 
or -II is associated with detrimental clinical outcomes when compared to 10/10-matched 
transplantations. Meanwhile, low PIRCHE-I and -II are not associated with progression. 
The present findings may provide an important improvement in current donor-selection 
procedures. To date, there are no clear guidelines available for selection of HLA-mismatched 
donors. The PIRCHE model potentially allows for universally and easily applicable selection 
criteria for permissible HLA mismatches that lead to improved OS and reduced NRM. Thus, 
PIRCHE may facilitate a priori selection of HLA-mismatched donors with a permissible 
mismatch.

PIRCHE did not generate a dose-dependent risk classification in this study. As PIRCHE 
theoretically predict the probability of donor T-cell recognition, high PIRCHE may lead to 
a higher chance of T-cell recognition and thus more detrimental outcomes than medium 
PIRCHE, likewise for medium and low PIRCHE. Although a trend for a dose-dependent effect 
was observed (Table 3), the size of the present cohort did not allow more detailed studies 
on multiple risk classifications based on PIRCHE numbers. Larger HLA-mismatched cohorts 
are required to study the potential dose-dependent effect of PIRCHE, and to further define 
potential cut-off values of PIRCHE numbers for donor-selection purposes. 

The predictive potential of our approach will likely benefit from future improvements 
of HLA-binding algorithms. These improvements might focus on developing reliable predic-
tions of presentation for HLA-DQ proteins. The present PIRCHE model only analyses bind-
ing to HLA-DR, as reliable binding predictions are not available for many HLA-DQ proteins. 
Moreover, whereas HLA-DR proteins consist of a non-polymorphic α-chain and a polymor-
phic β-chain, HLA-DQ proteins consist of both a polymorphic α- and β-chain (30). Conse-
quently, to properly assess binding to HLA-DQ proteins, HLA-DQA typing should be included 
in the typing procedure. Thus, before the PIRCHE predictions can be expanded to HLA-DQ 
binding, the binding algorithms and the current typing procedures have to be broadened.

HLA-C mismatches lead to a poorly understood disproportional increased risk of allore-
activity (4); whereas the relevance of HLA-DQB1 matching for outcome of HSCT is debatable 
(3). In our study, both HLA-C and HLA-DQB1 mismatches were included, as they are consid-
ered in the donor-selection procedure of all participating centers. Interestingly, HLA-A, -C, 
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and -DQB1 mismatches led to the highest numbers of both PIRCHE-I and -II in this cohort 
(Table S1). These high numbers of PIRCHE derived from HLA-C may explain the increased risk 
of alloreactivity by HLA-C mismatches (25). Research in larger HLA-C mismatched cohorts is 
required to confirm this hypothesis. In addition, we hypothesize that the discrepant reports 
on HLA-DQB1 mismatching and HSCT outcome, might be influenced by variable numbers 
of HLA-DQB1 derived PIRCHE in the individual studies. A meaningful suggestion for future 
studies would therefore be to compare the number of PIRCHE derived from all HLA mis-
matches and correlate these to clinical outcome, instead of analyzing locus-specific HLA 
mismatches that may or may not correlate with alloreactivity.

To the best of our knowledge, our study is the first to present a universal approach 
for the prediction of permissible HLA mismatches that does correlate with improved 
OS (reviewed in (14)). Large cohort studies have identified some specific permissible 
HLA-mismatch combinations (11, 12); however the data obtained from these studies can-
not be translated to donor-patient HLA combinations that were not or hardly present in 
these studies. Interestingly, one of these well characterized permissible HLA mismatches 
(HLA-C*03:03-*03:04), led to a low number of PIRCHE in the present study (PIRCHE-I: me-
dian 0, range 0-2; PIRCHE-II: median 0, range 0-4; Table S1). Thus, the previously identified 
permissible HLA mismatches, may (partly) be permissible due to a low number of PIRCHE.

In summary, our study demonstrates that PIRCHE correlate with clinical alloreactivity. 
In particular, patients presenting 0 PIRCHE-I and less than 3 PIRCHE-II have similar clini-
cal outcomes as patients transplanted with an HLA-compatible unrelated donor. Moreover, 
determining the number of PIRCHE for potential donors prior to HSCT may allow reduc-
tion of mortality after HLA-mismatched HSCT by avoiding donors that can recognize higher 
numbers of PIRCHE. The present results indicate that selection of HLA-mismatched donors 
with permissible mismatches may be possible, and warrant prospective evaluation of large 
HLA-mismatched cohorts. 
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Permissible mismatch, N(%) Non-permissible mismatch, N(%) p

Number of patients 76 (32) 173 (69)

Age at HSCT, mean (SD) 38 (19) 39 (19) 0.08

Diagnosis

Acute leukemia 52 (68) 101 (58) 0.16

Chronic leukemia 3 (4) 21 (12)

Lymphoma 14 (18) 29 (17)

Other 7 (9) 22 (13)

Patient sex

Male 44 (58) 107 (62) 0.56

Female 32 (42) 66 (38)

Sex mismatch

Yes 60 (79) 132 (77) 0.76

No 16 (21) 39 (23)

HSCT year

1989-1996 4 (5) 11 (6) 0.48

1997-2004 14 (18) 43 (25)

2004-2011 58 (76) 119 (69)

Source

BM 24 (32) 52 (30) 0.81

PBSC 52 (68) 121 (70)

Conditioning

MA 42 (56) 85 (49) 0.32

RIC 33 (44) 88 (51)

ATG

Yes 47 (62) 132 (76) 0.02

No 29 (38) 41 (24)

Disease status

Early 34 (48) 69 (43) 0.75

Intermediate 25 (35) 64 (41)

Advanced 12 (17) 25 (16)

CMV mismatch

Yes 21 (29) 74 (45) 0.02

No 52 (71) 92 (55)

EBMT risk score

1 6 (9) 12 (8) 0.14

2 13 (18) 19 (12)

3 21 (30) 32 (21)

4 7 (10) 37 (24)

5 13 (18) 34 (22)

6 or 7 11 (16) 22 (14)
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Table 4 (previous page): baseline characteristics of PIRCHE groups. Differences between the permissible and 
non-permissible mismatch group were tested with chi-square for categorical variables and student’s T test for the 
continuous variable age. Patients with a permissible PIRCHE mismatch received less often ATG and had less often 
a CMV mismatch with the donor compared to patients with a non-permissible PIRCHE mismatch. Sex mismatch: 
female donor for male patient. BM: bone marrow. PBSC: peripheral blood stem cells. MA: myeloablative. RIC: redu-
ced intensity conditioning. ATG: anti-thymocyte globulin. CMV mismatch: patient seropositive, donor seronegative 
or patient seronegative, donor seropositive. 
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ID Mismatched locus Patient HLA-typing Donor HLA-typing PIRCHE-I PIRCHE-II

354 C 03:04 07:02 7 44

548 C 03:04 03:03 0 0

4889 C 03:04 03:03 0 0

5540 C 04:01 15:02 8 25

5924 A 26:01 25:01 0 1

7471 C 06:02 03:04 10 19

7505 DQB1 03:02 03:01 6 20

7609 DRB1 04:14 04:01 4 4

9341 C 15:02 14:02 8 17

9350 DQB1 03:02 03:01 6 5

9878 C 02:02 07:02 3 7

10048 A 02:06 02:01 0 0

11230 C 03:04 05:01 4 11

11327 B 15:07 15:01 1 2

14219 C 16:02 15:02 4 12

14220 C 05:01 07:04 10 30

15014 C 03:03 07:01 4 18

15139 A 02:01 68:01 0 0

16061 C 02:02 15:02 4 9

16468 DRB1 11:04 11:01 0 1

16474 C 01:02 02:02 4 15

17112 DRB1 11:01 11:04 1 0

18172 DQB1 03:02 03:01 3 13

18680 C 03:02 03:03 5 8

18952 C 15:02 14:02 8 27

19667 B 14:02 14:01 0 0

20272 DQB1 03:01 03:02 5 12

20762 DRB1 14:54 14:01 0 0

20822 C 03:04 03:03 0 0

25195 C 07:01 01:02 0 0

27068 C 03:04 01:02 4 2

28920 A 02:01 03:01 0 0

29158 C 03:03 03:04 2 1

30217 C 07:06 16:01 2 2

30906 A 68:01 02:01 3 13

31117 C 07:02 07:01 0 0

31346 C 03:03 01:02 0 23

31466 DQB1 03:02 03:01 5 24
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ID Mismatched locus Patient HLA-typing Donor HLA-typing PIRCHE-I PIRCHE-II

31976 C 03:04 07:02 7 16

32845 C 01:02 02:02 2 10

33319 DQB1 05:01 05:04 4 9

34094 C 07:01 16:01 8 47

34324 B 44:02 44:35 0 0

34766 B 35:02 35:01 1 4

35139 A 31:01 24:02 11 48

35172 A 68:01 01:01 9 31

35186 DQB1 03:01 03:02 3 20

35474 A 68:02 68:01 3 11

35630 C 07:04 05:01 1 7

35645 C 03:04 03:03 0 0

35988 C 04:01 03:03 5 15

36110 C 07:02 02:02 11 35

36152 C 12:03 04:01 7 14

36381 DRB1 04:07 11:01 15 14

36408 DRB1 11:03 11:01 0 4

36502 C 03:03 04:01 0 1

36663 C 01:02 08:02 8 16

36771 C 14:02 03:04 7 5

36815 A 23:01 24:02 2 6

36881 B 35:02 35:01 0 5

37249 C 15:02 05:01 1 1

37351 A 31:01 24:02 15 18

37352 A 68:02 24:02 2 25

37599 C 04:01 16:01 7 27

37994 DQB1 03:02 03:01 8 14

38744 DRB1 01:02 01:01 1 4

38821 C 14:02 15:02 3 17

38869 DQB1 03:03 03:02 0 0

38899 C 01:02 05:01 5 10

38996 C 03:03 03:04 1 4

39249 B 51:01 56:01 7 14

39520 C 07:01 03:03 0 0

39623 DQB1 03:04 03:01 0 0

39665 DQB1 03:02 03:01 11 14

39744 A 24:02 02:01 0 0

39852 C 16:01 04:01 3 13
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ID Mismatched locus Patient HLA-typing Donor HLA-typing PIRCHE-I PIRCHE-II

39866 C 16:02 14:02 3 7

40042 C 03:04 03:03 0 1

40115 C 14:02 02:02 1 14

40183 DQB1 05:02 05:03 2 5

40204 C 02:02 15:02 8 3

40241 C 14:02 03:04 0 4

40302 C 03:04 04:01 6 13

40418 DQB1 02:02 03:03 10 16

40618 DRB1 11:04 11:01 0 3

40663 B 15:17 08:01 5 21

40706 A 24:02 03:02 7 7

40893 B 27:02 27:05 2 14

41039 DRB1 04:01 04:04 0 1

41071 A 29:01 29:02 0 2

41133 A 68:01 68:02 0 3

41193 A 24:02 02:05 9 19

41291 A 26:01 02:01 13 16

41293 C 03:04 03:03 0 0

41368 A 68:01 68:02 1 7

41470 A 24:02 02:01 0 0

41564 C 05:01 14:02 12 31

41592 C 03:04 04:01 6 9

41682 C 15:02 16:02 16 11

41737 C 03:04 03:03 0 0

41748 C 15:02 07:02 17 15

42280 A 24:03 24:02 0 0

42310 A 23:01 24:02 2 10

42335 DQB1 06:04 06:02 1 10

42614 C 07:04 05:01 9 27

42945 C 03:04 05:01 3 17

43029 C 02:02 04:01 5 10

43052 B 27:05 27:02 0 3

43053 A 68:01 03:01 11 18

43090 DQB1 02:02 03:03 3 37

43127 C 03:04 07:02 4 13

43134 A 11:01 02:01 7 27

43159 A 32:01 31:01 0 0

43307 DQB1 04:02 02:01 4 24
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ID Mismatched locus Patient HLA-typing Donor HLA-typing PIRCHE-I PIRCHE-II

43383 A 68:01 03:02 4 6

43502 C 03:04 06:02 4 13

44155 A 68:01 03:01 1 31

44501 DRB1 04:04 04:01 5 13

44553 A 03:01 11:01 1 1

44742 A 30:02 32:01 3 2

44787 A 02:01 31:01 0 0

44981 A 01:01 23:01 0 0

45023 A 33:03 68:01 14 24

45042 DQB1 06:02 06:03 2 7

45150 B 44:04 44:03 2 5

45488 C 07:02 03:03 13 43

45718 A 34:02 25:01 0 8

45913 DQB1 03:02 03:01 0 0

46006 C 03:04 03:03 0 0

46183 C 05:01 04:01 3 24

46372 B 15:07 15:01 0 1

46427 DRB1 12:01 11:03 3 4

46433 C 07:02 07:01 0 0

46616 B 35:03 35:01 0 0

46631 A 26:01 02:01 0 15

46666 DQB1 03:02 03:01 2 14

46759 C 02:02 07:02 13 32

46831 A 03:01 24:02 0 0

46939 DQB1 03:03 02:02 0 0

46940 DQB1 03:01 03:02 7 11

46983 B 39:06 39:01 1 1

46984 A 31:01 33:03 0 0

47019 DQB1 03:02 03:01 2 10

47050 B 40:01 44:02 6 21

47051 C 03:03 01:02 4 15

47276 C 01:02 03:04 3 6

47281 DQB1 06:02 06:03 0 0

47473 C 03:04 12:05 0 0

47602 C 15:02 14:02 14 19

47708 DQB1 03:02 03:01 5 5

47723 DQB1 03:01 03:02 1 16

47799 C 12:03 07:01 9 21
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ID Mismatched locus Patient HLA-typing Donor HLA-typing PIRCHE-I PIRCHE-II

47816 C 05:03 05:01 0 0

47953 B 37:01 47:01 4 12

47960 DQB1 06:09 06:04 2 4

47983 A 24:02 02:01 2 18

48413 C 03:03 03:04 0 2

48548 B 35:03 35:01 0 0

48682 DQB1 03:01 03:02 6 12

48744 A 02:29 02:06 1 3

48760 A 02:29 02:01 0 0

48784 DQB1 02:02 03:03 0 0

48831 A 34:02 01:01 4 12

48868 A 02:01 24:02 1 6

49120 A 02:17 02:01 0 2

49126 B 35:02 37:01 9 8

49171 B 39:05 39:01 0 0

49172 B 18:03 18:01 0 0

49303 C 01:02 15:02 5 11

49331 C 06:02 07:01 10 23

49337 C 03:03 03:04 0 1

49616 C 03:04 03:03 0 0

49733 A 25:01 01:01 8 30

49809 DRB1 04:01 04:02 0 0

50216 C 14:02 15:02 4 8

50218 A 31:01 36:01 7 37

50519 C 02:02 06:02 6 16

50543 DQB1 03:02 03:01 9 9

50565 B 35:03 35:01 0 0

50763 B 44:29 44:02 3 0

50863 C 04:01 03:04 17 28

51136 C 07:02 03:04 9 17

51137 C 03:04 03:03 0 0

51270 B 35:03 35:01 0 2

51276 C 04:01 06:02 12 18

51504 DQB1 03:02 03:05 0 0

51706 C 05:01 07:02 3 15

52575 A 24:02 02:03 7 48

52712 DQB1 06:02 06:03 4 7

52799 B 18:01 18:03 0 4
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ID Mismatched locus Patient HLA-typing Donor HLA-typing PIRCHE-I PIRCHE-II

53030 DQB1 02:01 03:02 9 14

53144 DQB1 03:02 03:01 1 20

53836 B 35:03 57:01 0 0

53881 C 03:62 03:03 0 0

54385 C 03:04 03:03 0 0

54595 DRB1 04:03 04:04 0 0

54930 A 24:02 02:01 6 19

55008 C 03:04 03:03 0 0

55695 C 03:03 03:04 1 1

55745 B 27:02 40:02 0 7

55787 B 50:01 07:02 5 22

55859 B 44:27 44:02 0 0

55870 C 03:04 03:03 0 0

55913 C 03:04 07:01 0 0

56026 A 29:02 26:01 12 31

56131 DQB1 03:01 03:02 3 17

56194 DQB1 05:02 05:02 3 22

56195 A 68:01 24:02 2 24

56197 B 27:05 27:13 4 4

56202 A 03:02 02:01 9 13

56239 DQB1 03:01 03:02 0 0

56456 C 12:03 07:02 0 0

56669 DRB1 08:03 08:10 0 0

56675 DQB1 06:02 02:01 0 0

56825 C 06:02 03:04 3 8

56909 DQB1 06:03 06:02 3 4

57084 A 03:01 32:01 0 0

57193 C 03:03 04:01 3 21

57223 DRB1 11:03 11:01 0 0

57249 DQB1 03:01 03:02 7 8

57252 C 05:01 07:01 13 24

57300 A 29:02 24:02 6 14

57330 A 03:01 32:01 4 26

57518 DQB1 03:01 03:02 9 20

57732 A 32:01 01:01 4 8

57745 C 02:02 01:02 6 20

57831 B 51:01 35:01 2 3

58078 DQB1 03:01 05:03 0 0
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ID Mismatched locus Patient HLA-typing Donor HLA-typing PIRCHE-I PIRCHE-II

58186 B 35:01 35:02 0 0

58217 DRB1 12:01 11:03 6 4

58465 A 30:01 31:01 0 0

58825 B 35:01 35:08 0 0

58890 C 06:02 03:04 4 7

58944 DQB1 03:01 03:02 0 0

59390 C 14:02 15:02 3 19

59935 C 01:02 15:02 12 22

59969 A 31:01 02:01 14 18

59986 A 01:01 02:01 0 0

60100 C 14:02 15:02 6 8

60113 C 04:01 03:04 5 12

60141 B 08:01 40:01 0 0

60144 DQB1 06:02 06:03 3 8

60335 DQB1 02:02 03:03 7 20

60417 A 23:01 24:02 2 1

60554 C 02:02 16:01 6 16

60761 DQB1 06:03 06:04 0 3

61229 C 07:02 07:04 3 3

61441 A 68:01 30:01 8 37

61697 C 04:30 04:01 0 0

Table S1: HLA-mismatches included in this study.
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Abstract
Hematopoietic stem-cell transplantation with HLA-DPB1 mismatched donors leads to an 
increased risk of acute graft-versus-host disease (GVHD). Studies have indicated a prognostic 
value for classifying HLA-DPB1 mismatches based on T-cell-epitope (TCE) groups. The aim 
of this study was to determine the contribution of indirect recognition of HLA-DP derived 
epitopes, as determined with the Predicted Indirectly ReCognizable HLA Epitopes (PIRCHE) 
method. We therefore conducted a retrospective single center analysis on 80 patients 
transplanted with a 10/10 matched-unrelated donor that was HLA-DPB1 mismatched. 

HLA-DPB1 mismatches that were classified as GVH nonpermissive by the TCE algo-
rithm, correlated to higher numbers of HLA class-I as well as HLA class-II presented PIRCHE 
(PIRCHE-I and -II) compared with permissive or host-versus-graft (HVG) nonpermissive mis-
matches. Patients with acute GVHD grade II-IV presented significantly higher numbers of 
PIRCHE-I compared with patients without acute GVHD (p<0.05). Patients were divided into 
two groups; based on presence or absence of PIRCHE. Patients with PIRCHE-I or -II have an 
increased hazard of acute GVHD when compared with patients without PIRCHE-I or -II (haz-
ard ratio (HR) 3.19, 95%-confidence interval (CI) 1.10-9.19, p<0.05, HR 4.07, 95%-CI 0.97-
17.19, p=0.06, respectively). Patients that were classified as having an HLA-DPB1 permissive 
mismatch by the TCE model, had an increased risk of acute GVHD when comparing presence 
of PIRCHE-I with absence of PIRCHE-I (HR 2.96, 95%-CI 0.84-10.39, p=0.09). We therefore 
conclude that the data presented in this study describe an attractive and feasible possibility 
to better select permissible HLA-DPB1 mismatches, by including both a direct and an indi-
rect recognition model. 



HLA-DP PIRCHES correlate with GVHD

67

4

Introduction
Hematopoietic stem-cell transplantation (HSCT) with a matched-unrelated donor that is 
mismatched for HLA-DPB1 leads to an increased risk of acute graft-versus-host disease 
(GVHD) (1-6). It is well established that certain HLA-DP mismatches more frequently lead 
to this effect of T-cell related alloreactivity than others (2, 5, 6). HLA mismatch-induced 
T-cell alloreactivity can be evoked via two routes of mismatched antigen recognition: 
direct and indirect recognition. Direct recognition occurs when donor T cells recognize an 
intact mismatched HLA molecule that is present on the cell surface of a recipient’s cell. 
These directly recognizing T cells are likely viral peptide-specific memory T cells showing 
crossreactivity towards allogeneic HLA, due to molecular mimicry (7).  

Direct recognition of HLA-DP mismatches can be predicted with the T-cell-epitope 
(TCE) model, developed by Fleischhauer et al. (2, 5). This TCE model is based upon crossreac-
tivity patterns of alloreactive T cells isolated from a patient that had rejected his graft (2). In 
this model, HLA-DPB1 alleles of donor and recipient are divided into three (or four) groups, 
either predicted to have high, intermediate or low immunogenic potential. HLA-DPB1 mis-
matches are subsequently classified as permissive or nonpermissive based on the concept 
of thymic education of T cells. Mismatches are defined as permissive if they belong to the 
same immunogenicity group, and as nonpermissive if they belong to groups with different 
immunogenicity. The direction of nonpermissiveness is based on the direction of immu-
nogenicity: when the recipient has a higher TCE-assigned immunogenicity than the donor, 
mismatches are designated as GVH nonpermissive; when the recipient has a lower TCE-as-
signed immunogenicity than the donor, the mismatch is designated as host-versus-graft 
(HVG) nonpermissive. Several studies have shown that HLA-DPB1 mismatches classified as 
nonpermissive by the TCE model are associated with both an increased risk of acute GVHD 
(2, 5, 6), as well as an increased risk of overall mortality (5, 6). 

HLA-molecules can also be recognized indirectly. Indirect recognition has not been in-
cluded in the TCE model. During indirect recognition, donor T cells recognize polymorphic 
peptides derived from the mismatched HLA molecule presented by an HLA molecule that 
is shared between donor and recipient. T cells specific for such polymorphic HLA-derived 
peptides have been found frequently during graft failure after solid organ transplantation 
(8-12). Indirect recognition can be predicted in silico as well: our group has previously devel-
oped a model that predicts the numbers of peptides derived from mismatched HLA-alleles 
that can be presented by shared HLA. These peptides have been designated as Predicted 
Indirectly ReCognizable HLA-Epitopes (PIRCHE) (13-15). Increasing numbers of PIRCHE are 
correlated to an increased risk of alloreactivity, as reflected by increased probabilities of 
acute GVHD after HSCT (15), and by the development of donor-specific antibodies after 
kidney transplantation (13). 

We hypothesize that nonpermissibility of HLA-DPB1 mismatches can, next to the 
TCE model, be explained by indirect recognition of the HLA-DPB1 mismatched alleles. To 
investigate whether PIRCHE can indeed provide an additive explanation for non-permis-
sibility of certain HLA-DPB1 mismatch combinations, the number of HLA-DPB1-derived 
PIRCHE was determined in patients transplanted with an HLA-A, -B, -C, -DRB1, -DQB1 
(10/10)-matched, HLA-DBP1-mismatched unrelated donor. The numbers of PIRCHE were 
studied for their correlation with permissiveness as determined by the TCE model and to 
clinical measures of alloreactivity (acute and chronic GVHD, relapse/progression of the orig-
inal disease and transplant-related mortality (TRM)).
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Material and Methods
Patients
All adult patients receiving a peripheral blood stem-cell transplant from a 10/10 (matched for 
HLA-A, -B, -C, -DRB1, -DQB1 on 4-digit level) matched-unrelated donor after non-myeloab-
lative conditioning, between 2007 and 2012 in the University Medical Center Utrecht, were 
included in this analysis (Supplementary Tables 1, 2 and 3). Nonmyeloablative condition-
ing consisted of total body irradiation of 2 Gy on one day, ATG (Genzyme, Cambridge, MA, 
USA) 2 mg/kg/day for four days, and Fludarabine 30 mg/m2/day for three days. Patients 
received an unmanipulated peripheral blood stem cell graft. Immunosuppressive therapy 
consisted of Cyclosporine A 4.5 mg/kg twice daily until day 120, which was then tapered 
by a 10% dose reduction per week in the absence of GVHD. Cyclosporine A was combined 
with Mycophenolate Mofetil 15 mg/kg, three times a day until day 84, and if there was no 
GVHD, tapered and stopped in two weeks. All patients received antibiotic prophylaxis, in-
cluding Co-Trimoxazole 480 mg twice a day and Valacyclovir 500 mg twice a day, as previous-
ly reported (16). Donor age was mean 36.5 years (range 22-45), and disease stage prior to 
HSCT was complete remission for 32 patients (40%), partial remission in 32 patients (40%), 
progressive in 2 (3%) and not available for the remainder of 14 patients (18%). 

HLA typing
Sequencing-based high-resolution HLA-typing was performed prior to HSCT for all included 
patients and donors for the HLA-A, -B, -C, -DRB1, and -DQB1 loci by PCR and sequencing, 
using the SBTexcellerator® HLA-A, -B, -C, -DRB1 and -DQB1 kits (GenDx, Utrecht, the Nether-
lands). Purified sequencing products were electrophoresed using a 3730 DNA-Analyzer (Ap-
plied Biosystems, Foster City, CA, USA) and sequences were analyzed using the SBTengine® 
software (GenDx). All protocols were executed according to the manufacturers’ guidelines. 
All allele and genotype ambiguities at the 4-digit level were resolved and all null alleles were 
excluded.

HLA-DPB1 typing was performed retrospectively using sequencing-based typing (for 
the used primers see Supplementary Table 4). Homozygotic typings were confirmed with 
sequence-specific oligonucleotide technologies (One Lambda, Canoga Park, CA, USA). 
After HLA-DPB1 typing, for 18 individuals (11%), ambiguities could not be resolved. For all 
these unresolved ambiguities, the locations of the polymorphic residues were analyzed. 
All of the polymorphisms were located outside positions affecting the immunogenicity as 
predicted by the TCE model and more than nine amino acids apart. Consequently, all allelic 
combinations possible with these ambiguities lead to identical TCE and PIRCHE assignment. 
We therefore included these pairs using their ambiguous HLA-DPB1 typings. 

TCE classification
HLA-DPB1 mismatches were classified as either permissive, nonpermissive in the GVH or 
in the HVG direction, as described previously (2, 5, 6, 17). To this end, HLA-DPB1 typing 
data were entered in the online tool available for determining TCE groups (http://www.
ebi.ac.uk/ipd/imgt/hla/dpb.html [accessed January 2013]), which uses the TCE three-group 
model. For 2 (3%) donor-recipient combinations, permissiveness could not be determined 
with this tool, because one of their HLA-DPB1 alleles was not included in the TCE model 
(HLA-DPB1*35:01 and DPB1*36:01). 

http://www.ebi.ac.uk/ipd/imgt/hla/dpb.html
http://www.ebi.ac.uk/ipd/imgt/hla/dpb.html
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PIRCHE determination
PIRCHE were identified for each donor-recipient pair as described previously (14;15). In 
short, for HLA class-I presented PIRCHE (PIRCHE-I), processing by the proteasome and trans-
portation via the TAP channel of the amino-acid sequences of all donor and recipient HLA 
molecules (sequences as defined by the international ImMunoGeneTics information sys-
tem [IMGT]: ftp://ftp.ebi.ac.uk/pub/databases/ipd/imgt/hla [accessed December 2012]), 
was predicted using NetChop C-term 3.0 (18, 19). Predicted processed nonameric peptides 
were tested for their binding capacity to the HLA class-I molecules using NetMHCpan 2.4 
(20, 21). Peptides with IC50-binding values ≤ 500 nM were accepted as relevant binders (22). 
For HLA class-II presented PIRCHE (PIRCHE-II), the nonameric binding cores of potential 
HLA-DRB1 binders (15-mers) were predicted with NetMHCIIPan 2.0 (23-25), considering 
IC50-binding values ≤ 1000nM as being relevant (26). For each donor-recipient pair, only 
unique recipient-specific peptide-HLA complexes were counted as PIRCHE. 

Statistical analyses
The primary clinical endpoint tested was incidence of acute GVHD grades II to IV (27). 
Secondary clinical endpoints were: extensive or limited chronic GVHD (16), relapse/
progression of the primary malignant disease (for patients transplanted for a malignant 
disease only, n = 76 (as defined by the HOVON study group (28-32))), TRM, and overall 
survival. 

Differences in distribution of PIRCHE in the TCE-assigned permissive groups were 
tested with Mann-Whitney U tests comparing the three TCE groups (HVG nonpermissive, 
GVH nonpermissive and permissive) with each other. These tests were also performed to 
compare the distribution of PIRCHE amongst clinical outcomes. 

Cumulative incidence curves were constructed for primary and secondary clinical end-
points. Relapse and non-relapse mortality were regarded competing risks for acute GVHD, 
mortality related to relapse was regarded a competing risk for chronic GVHD, TRM was re-
garded a competing risk for relapse, mortality related to relapse and mortality due to other 
causes were regarded competing risks for TRM. Differences in cumulative incidences were 
tested with the Gray test.

The time-dependent association of TCE-assigned nonpermissiveness and numbers 
of PIRCHE with development of primary and secondary endpoints was tested with Cox 
regression analyses. Models were adjusted for (when relevant): age of the recipient at trans-
plantation, primary disease, cytomegalovirus status, development of acute GVHD II-IV for 
chronic GVHD, and development of acute and chronic GVHD for relapse. Backward selection 
was used to determine which variables should be included in the model; the likelihood ratio 
test was used to select the relevant variables (p<0.10). Variables were also included when 
they were associated with the variable of interest (either TCE classification or PIRCHE), as 
tested with ANOVA for the continuous variable age and chi-square for categorical variables: 
primary disease, gender, cytomegalovirus status, Epstein-Barr virus status (serostatus of 
both recipient and donor and the match status between them).

Statistical procedures were performed with SPSS statistics software version 
20.0 (SPSS Inc, Chicago, IL, USA), and competing risk analyses were performed with R ver-
sion  3.0.0 (The R Foundation for Statistical Computing, Vienna, Austria). P<0.05 was consid-
ered to be statistically significant.

ftp://ftp.ebi.ac.uk/pub/databases/ipd/imgt/hla
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Results
Within our cohort of 88 patients transplanted with 10/10 matched-unrelated donors within 
a uniform reduced intensity regimen (16), 8 (9%) recipients were transplanted with an HLA-
DPB1 matched donor. Of the 80 mismatched pairs, 2 (3%) pairs could not be analyzed with 
the classical direct recognition (TCE) model because for one of the alleles immunogenicity 
could not be predicted. Of the remaining 78 (97%) pairs with a TCE designation, 54 (69%) were 
classified as permissive, 12 (15%) as GVH nonpermissive and 12 (15%) as HVG nonpermissive 
(Supplementary Table 1). In order to assess the impact of indirect recognition, the numbers 
of PIRCHE were determined as described in Methods. Recipients presented a median of 1 
PIRCHE-I (range, 0 to 7) and 3.5 PIRCHE-II (range, 0 to 20). 

To correlate the presence of PIRCHE with clinical outcome, donor-recipient pairs were 
divided into two PIRCHE groups, according to the absence or presence of PIRCHE. Baseline 
characteristics were evenly distributed amongst the TCE groups and the absence or pres-
ence of PIRCHE, apart from age at HSCT (patients with GVH nonpermissive mismatches were 
younger than those with HVG nonpermissive or permissive mismatches, Supplementary Ta-
bles 1, 2, and 3). Models testing TCE-assigned permissiveness were therefore corrected for 
age at HSCT.

The correlation of the TCE model with acute GVHD
The correlation between direct recognition as predicted with the TCE groups and acute 
GVHD was investigated with univariate cumulative incidence analyses and in multivariate 
Cox regression models. TCE permissive mismatches displayed the lowest incidence of acute 
GVHD, although the cumulative incidences were not significantly different amongst the 
three TCE groups, and not when comparing permissive with GVH and HVG nonpermissive 
combined (Figure 1). In multivariate analyses, which were corrected for age of the recipient, 
TCE groups were not significantly associated with acute GVHD (Table 1). 

Figure 1: Cumulative acute GVHD incidence curves for 
the three TCE classifications. Although HVG (gray line) 
and GVH (dashed line) nonpermissive mismatches have 
a higher incidence of acute GVHD than permissive (black 
solid line) mismatches, this was not significantly diffe-
rent. Non-perm indicates nonpermissive.

Figure 1: The TCE model and acute GVHD.
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The correlation of the PIRCHE model with acute GVHD
The influence of indirect recognition on acute GVHD was assessed by correlating numbers 
of PIRCHE to the incidence of acute GVHD grade II-IV. Recipients with acute GVHD grade II-
IV presented significantly higher numbers of PIRCHE-I (p=0.05) but not of PIRCHE-II (Figure 
2A,B). When analyzing the presence of PIRCHE, PIRCHE-I and -II were significantly associated 
with increased incidences of acute GVHD compared with recipients without PIRCHE (p=0.01 
and p=0.04, respectively, Figure 2C,D). In Cox regression analyses, the presence of PIRCHE-I 
was associated with an increased hazard of acute GVHD compared with absence (hazard 
ratio [HR] 3.19, 95%-confidence interval [CI] 1.10-9.19, p=0.03). For PIRCHE-II there was a 
similar trend (HR 4.07, 95%-CI 0.97-17.19, p=0.06, Table 1). Thus, the presence of PIRCHE is 
correlated with increased acute GVHD risks.

Figure 2: The association of the PIRCHE model with GVHD. Boxplot showing the correlation between acute GVHD 
and numbers of PIRCHE-I (A) or PIRCHE-II (B). The boxes represent the 25th-75th percentile, the horizontal lines the 
median and the whiskers all PIRCHE values from minimum to maximum. Recipients developing acute GVHD pre-
sented significantly higher numbers of PIRCHE-I, but not of PIRCHE-II. Cumulative acute GVHD incidence curves for 
the absence and presence of PIRCHE-I (C) or for the absence and presence of PIRCHE-II (D). Cumulative incidence of 
acute GVHD was significantly increased for recipients presenting PIRCHE-I (gray line), compared with those without 
PIRCHE-I (black line), similar for PIRCHE-II. * = p<0.05. 
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Comparing the TCE and PIRCHE model
To test whether the sensitivity of the direct recognition (TCE) and indirect recognition 
(PIRCHE) models differ, receiver operator characteristic curves were constructed and the 
areas under the curve (AUC) calculated as a measure of predictive capacity. Only PIRCHE-I 
significantly predicted acute GVHD (TCE AUC, 0.586, p=0.21; PIRCHE-I AUC, 0.641, p=0.04; 
PIRCHE-II AUC, 0.580, p=0.25).

To investigate the relationship between the TCE and PIRCHE model, the correlation be-
tween the TCE groups and numbers of PIRCHE was analyzed. Pairs with TCE-predicted GVH 
nonpermissive mismatches had higher numbers of PIRCHE-I when compared with both per-
missive or HVG nonpermissive mismatches (p<0.01). There was a non-significant increase 
in numbers of PIRCHE-II when comparing GVH nonpermissive with permissive mismatches, 
however, PIRCHE-II were significantly higher in the GVH nonpermissive group when com-
pared with HVG nonpermissive (p<0.01), and significantly lower in the HVG nonpermissive 
compared with the permissive group (p=0.03). When analyzing the presence of PIRCHE, the 
TCE permissive group contained 22 (41%) pairs without PIRCHE-I, 12 (22%) without PIRCHE-
II, and 32 (59%) and 42 (78%) pairs with PIRCHE-I or PIRCHE-II, respectively. The TCE and 
PIRCHE classification are thus correlated, although the PIRCHE model designates mismatch-
es as nonpermissible when they are permissive according to the TCE model.

To study whether the PIRCHE model can further define HLA-DP mismatches, the cor-
relation of PIRCHE with acute GVHD within the TCE-permissive mismatches was studied. 
Within the TCE permissive mismatches, recipients without PIRCHE-I had a lower risk of acute 
GVHD when compared with recipients with PIRCHE-I (HR 2.96, 95%-CI 0.84-10.39, p=0.09, 
Figure 3, Table 1). This effect was not observed for PIRCHE-II. Of the 16 (30%) recipients 
that had developed acute GVHD despite the permissive TCE classification, 13 (81%) have 
PIRCHE-I, and are thus more adequately classified by PIRCHE-I. A similar strategy could not 
be performed for the TCE nonpermissive group, as all recipients with GVH nonpermissive 
mismatches have PIRCHE-I and -II, and there were little patients without PIRCHE-I or -II in 
the HVG nonpermissive group (5 and 4, respectively).

Secondary endpoints
The TCE and PIRCHE model were studied for their correlation with other clinical outcomes. 
Neither TCE nonpermissiveness nor PIRCHE were associated with an increased hazard of 
chronic GVHD, in multivariate models corrected for cytomegalovirus, recipient age and 

Variable HR 95%-CI P

TCE model

GVH nonpermissive (1) 1.82 0.68-4.87 NS

HVG nonpermissive (1) 1.37 0.50-3.76 NS

PIRCHE-I

PIRCHE-I present 3.19 1.10-9.19 <0.05

PIRCHE-II

PIRCHE-II present 4.07 0.97-17.19 NS

PIRCHE-I within TCE permissive

PIRCHE-I present 2.96 0.84-10.39 NS

Table 1: Association of the TCE and PIRCHE model 
with acute GVHD. Hazard ratios of the different 
TCE and PIRCHE groups as determined with Cox 
regression analyses. Presence of PIRCHE-I was 
significantly associated to an increased hazard of 
acute GVHD compared with absence of PIRCHE-I. 
There was a trend for an increased hazard of acu-
te GVHD for presence compared with absence of 
PIRCHE-II. Within the TCE permissive group, pre-
sence of PIRCHE-I was associated to an increased 
hazard of acute GVHD compared with absence 
PIRCHE-I. HR: hazard ratio. 95%-CI: 95%-confiden-
ce interval of hazard ratio. NS: not significant. 1: 
reference: permissive mismatches.
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Figure 3: The PIRCHE model within TCE-permissiveness.
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acute GVHD development (data not shown). Neither the TCE classification nor the presence 
of PIRCHE were significantly associated to TRM in our cohort, in multivariate models that 
were corrected for the primary disease group and age of the recipient (data not shown). 
In multivariate models, corrected for age of the recipient and primary disease, neither TCE 
nonpermissiveness nor the presence of PIRCHE was associated with overall survival (data 
not shown).

The TCE model correlates to relapse; HVG nonpermissive mismatches lead to a signifi-
cantly increased incidence of relapse when compared with GVH nonpermissive mismatch-
es or permissive mismatches (p=0.03 and p<0.001, respectively). In multivariate analyses, 
which were corrected for the development of chronic GVHD and age of the recipient, HVG 
nonpermissive mismatches were clearly associated with an increased hazard of relapse 
when compared with permissive mismatches (HR 3.71, 95%-CI 1.50-9.21, p<0.01). PIRCHE 
were not correlated to relapse, neither in univariate nor in multivariate analysis. To summa-
rize, TCE-assigned HVG nonpermissive mismatches are correlated with an increased relapse 
risk, whereas PIRCHE do not correlate to other endpoints than acute GVHD. 

Discussion
HLA-DP mismatches are correlated to alloreactivity after HSCT (1-6, 33-36). It is recognized 
that directly recognizable HLA-DPB1 mismatches, as predicted with the TCE model, 
correlate with inferior outcomes after HSCT (2, 5, 6, 33).  The present study was initiated to 
investigate whether indirectly recognizable HLA-DPB1 mismatches predict non-permissible 
mismatches, next to the TCE model. In our local cohort of 10/10 matched-unrelated stem-
cell transplants, predicted indirectly recognizable HLA-DPB1 mismatches, as determined 
via the PIRCHE concept, indeed correlate with acute GVHD. Moreover, our observations 
indicate that the PIRCHE model is able to further define HLA-DP permissibility within the 
TCE permissive group.

Despite a clear association between the TCE and PIRCHE predictions, the PIRCHE mod-
el appears to more adequately classify HLA-DPB1 mismatches as permissible and non-per-
missible in vivo. These PIRCHE-predicted improvements are likely explained by the lengths 
of the polymorphic parts of the HLA-DPB1 alleles that are considered in both models. The 
TCE model is based upon polymorphisms within the peptide-binding groove and T-cell re-
ceptor contact regions only; the six hypervariable regions of the alpha-1 domain encoded 

Figure 3: Cumulative acute GVHD incidence curves for the 
absence and presence of PIRCHE-I within the TCE-permis-
sive group. Within the TCE-permissive group, recipients 
presenting PIRCHE-I (gray line) have an increased probabi-
lity (p=0.06) of acute GVHD compared with those without 
PIRCHE-I (black line).
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by exon 2 (2). However, PIRCHE can also be derived from polymorphic regions outside the 
peptide-binding groove. Inclusion of these polymorphic regions apparently enhances the 
predictive capacity of the PIRCHE model when compared with the TCE model. Inclusion of 
polymorphisms outside exon 2 in an indirect model for antigen recognition is justified by 
peptide elution data; DP-derived peptides encoded by exon 1 have been frequently eluted 
from HLA (SYFPEITHI database, [http://www.syfpeithi.de/bin/MHCServer.dll/FindYourMo-
tif.htm],  accessed May 2014). Because the PIRCHE model considers a greater part of the 
HLA-DP alleles, it is a more stringent model, consequently predicting clinically relevant non-
permissibility at a higher frequency.  

Investigating the interaction between the classical direct recognition (TCE) model and 
our here newly proposed indirect recognition (PIRCHE) model would be of interest, as the 
two models theoretically aim to predict two different routes of DP-antigen recognition. One 
could speculate that these two immune responses are complementary or even enhance 
each other in vivo. Hence, additive or even synergistic effects may be expected. However, 
due to the strong correlation between the TCE and PIRCHE model in this study, and the small 
cohort size, interactions between the two models are difficult to test. Observations in the 
current study may even implicate that the PIRCHE model provides an explanation for the 
previous findings of the TCE model, as all patients with a GVH nonpermissive TCE mismatch 
had PIRCHE-I and -II. Future studies conducted on larger patient cohorts allow studying the 
interactions between nonpermissive mismatches according to the TCE model and presence 
of PIRCHE, and will elucidate what the predictive capacity of the combination of these two 
models is, or even if they truly predict independently. 

Both the TCE and PIRCHE model have some practical constraints. The TCE model is re-
stricted by the fact that cellular recognition patterns have not been determined for all HLA-
DP alleles. In our cohort, we could therefore not predict permissiveness in two of the cases. 
To resolve this problem, it is necessary to expand the immunogenicity predictions to not yet 
tested HLA-DPB1 alleles, possibly in silico. The PIRCHE model is limited by the requirement 
of full exon 1-6 sequences, since PIRCHE can also be derived from regions outside exon 2. 
In the present study, the amino acid sequences of four HLA-DPB1 alleles (HLA-DPB1*20:01, 
33:01, 36:01, 138:01) present in 10 (6%) individuals could only partly be included in the 
PIRCHE model. We therefore may have over- or underestimated the numbers of PIRCHE for 
these pairs. Our study underlines the need for submission of complete exon 1-6 sequences 
to the IMGT database, to prevent these gaps in the sequence knowledge. Such data will 
allow more concise studying of the role of PIRCHE in clinical outcomes. 

Furthermore, the current study only predicts nonameric PIRCHE-I. Although HLA class 
I molecules can bind peptides of other lengths, the current HLA binding predictors are most 
reliable for nonameric peptides. Future improvements on binding predictions for non-nona-
meric peptides may facilitate studies on the effect of these non-nonameric PIRCHE-I. 

The current study excludes HLA-DPA1 derived PIRCHE. It is highly likely that many of 
the HLA-DPB1-mismatched pairs have an additional HLA-DPA1 mismatch, which could lead 
to potential PIRCHE. Future studies should also include analyzing the effect of HLA-DPA1 
derived PIRCHE, which may lead to further improvement of the predictive potential. 

Mismatching for HLA-DP may lead to increased graft-versus-leukemia effects, since 
HLA-DP is preferentially expressed on the hematopoietic cell lineage (37). Theoretically, high 
numbers of DP-derived PIRCHE as well as TCE nonpermissive mismatches may lead to such 
an increased anti-tumor effect. In the present study, we did not find a reduced relapse risk 
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in patients with an increased chance of alloreactivity targeting the HLA-DP mismatch (i.e. 
TCE GVH nonpermissive or high PIRCHE). In that perspective, it is noteworthy that HLA-DP is 
expressed on the vast majority of leukemic cells, but with considerable variety. For example, 
HLA-DP expression is lower on AML than on B-ALL or B-CLL cells (37). The majority of the 
acute leukemia patients in our study (82%) suffered from AML, a low HLA-DP expressing leu-
kemia. Research in specific disease subgroups is warranted to analyze the anti-tumor effect 
of TCE nonpermissiveness and of high numbers of DP-derived PIRCHE, in order to correct for 
differences in HLA-DP expression levels. 

To conclude, our data show a correlation between indirectly recognizable HLA-DP mis-
matches, as determined with the PIRCHE model, and acute GVHD. These data might be use-
ful to complement currently used models for direct recognition in order to provide a superi-
or donor selection. Extended studies on large cohorts are essential to refine the integration 
of these two models in donor-selection procedures, both with respect to acute GVHD and 
graft-versus-leukemia effects, and longer term effects like chronic GVHD and TRM. 
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Variable Permissive 
N(%)

GVH non-permissive 
N(%)

HVG non-permissive
N(%)

P

Age, mean in years 55 49 57 0.01 

Disease NS

Acute leukemia 15 (28) 1 (8) 1 (8)

Chronic leukemia 6 (11) 0 (0) 1 (8)

Lymphoma 10 (19) 3 (25) 3 (25)

Plasma cell disorder 9 (17) 4 (33) 4 (33)

MDS/MPN 12 (22) 3 (25) 2 (17)

Bone marrow failure 2 (4) 1 (8) 1 (8)

Patient gender, female 16 (30) 4 (33) 5 (42) NS

Donor gender, female 17 (31) 5 (42) 3 (25) NS

Gender mismatch 5 (9) 2 (17) 0 (0) NS

Patient CMV seropositive 36 (67) 8 (75) 8 (75) NS

Donor CMV seropositive 20 (37) 7 (58) 4 (33) NS

CMV mismatch 15 (28) 3 (25) 4 (33) NS

Patient EBV seropositive 53 (98) 12 (100) 11 (92) NS

Donor EBV seropositive 35 (65) 8 (75) 10 (83) NS

EBV mismatch 6 (11) 1 (8) 1 (8) NS
Supplementary Table 1: Distribution of variables amongst TCE groups. Distributions of variables were tested 
amongst the three TCE groups with ANOVA for age and chi-square for categorical variables. Patients in the GVH 
nonpermissive group were significantly younger compared with both other groups. Gender mismatch: female do-
nor for male recipient. CMV or EBV mismatch: patient seropositive, donor seronegative. NS: not significant.

Supplementary data
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Variable PIRCHE-I absent 
N(%)

PIRCHE-I present 
N(%)

p

Age, mean in years 55 54 NS

Disease NS

Acute leukemia 5 (18) 12 (23)

Chronic leukemia 4 (15) 3 (6)

Lymphoma 7 (26) 10 (19)

Plasma cell disorder 5 (19) 13 (25)

MDS/MPN 5 (19) 12 (23)

Bone marrow failure 1 (4) 3 (6)

Patient gender, female 10 (37) 15 (28) NS

Donor gender, female 11 (41) 16 (30) NS

Gender mismatch 3 (11) 6 (11) NS

Patient CMV seropositive 22 (78) 33 (62) NS

Donor CMV seropositive 11 (41) 21 (40) NS

CMV mismatch 9 (33) 14 (26) NS

Patient EBV seropositive 26 (96) 51 (96) NS

Donor EBV seropositive 18 (67) 36 (68) NS

EBV mismatch 4 (15) 5 (9) NS
Supplementary Table 2: Distribution of variables amongst PIRCHE-I groups. Dis-
tributions of variables were tested amongst the two PIRCHE-I groups with ANOVA 
for age and chi-square for categorical variables. Gender mismatch: female donor for 
male recipient. CMV or EBV mismatch: patient seropositive, donor seronegative. NS: 
not significant.
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Variable PIRCHE-II absent 
N(%)

PIRCHE-II present 
N(%)

p

Age, mean in years 557 54 NS

Disease NS

Acute leukemia 4 (25) 13 (20)

Chronic leukemia 2 (13) 5 (8)

Lymphoma 3 (19) 14 (22)

Plasma cell disorder 3 (19) 15 (23)

MDS/MPN 4 (25) 13 (20)

Bone marrow failure  0 (0) 4 (6)

Patient gender, female 6 (38) 19 (30) NS

Donor gender, female 7 (44) 20 (31) NS

Gender mismatch 2 (13) 7 (11) NS

Patient CMV seropositive 13 (81) 41 (64) NS

Donor CMV seropositive 8 (50) 24 (38) NS

CMV mismatch 5 (31) 18 (28) NS

Patient EBV seropositive 15 (94) 62 (97) NS

Donor EBV seropositive 11 (69) 43 (67) NS

EBV mismatch 3 (19) 6 (9) NS

Supplementary Table 3: Distribution of variables amongst PIRCHE-II groups. Dis-
tributions of variables were tested amongst the two PIRCHE-II groups with ANOVA 
for age and chi-square for categorical variables. Gender mismatch: female donor for 
male recipient. CMV or EBV mismatch: patient seropositive, donor seronegative. NS: 
not significant.
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Product Primer sequence 

Amplification

Intron 1-3’UTR (38) FW: 5’ CTCAGTGCTCGCCCCTCCCTAGTGAT 3’

RV: 5’ GCACAGTAGCTTTCGGGAATTGACCA 3’ 

Exon 2 FW: 5’ GAGAGTGGCGCCTCCGCTC 3’

RV: 5’ CCGGCCCAAAGCCCTCACTC 3’

Exon 2-3 GenDx core kit.

Exon 1 FW: 5’ CAGAGCAAAGAAAACGCATAAT 3’

RV: 5’GAGAATAGGCCAGTAGGGTAGC 3’

Sequencing

Exon 1 FW: 5’ TCCCTTTAGCGAGTCC 3’

RV: 5’ GCCAGTAGGGTAGCAAG 3’

Exon 2 FW: 5’ TGGCGCCTCCGCTCATG 3’

RV: 5’ CCAAAGCCCTCACTCA 3’

Exon 3 FW: 5’ GAAGGACAATCTCAAATTC 3’

FW: 5’ GAAGGACAATCTCAAATGC 3’

RV: 5’ CCTTCAAACTATGCTC 3’

Exon 4 FW: 5’ GATATGCTGCATCAGG 3’

RV: 5’ CCTCATGCATCTGGC 3’

Supplementary Table 4: primer sequences as used for PCR and sequencing-ba-
sed HLA-DPB1 typing. For the amplification of the HLA-DP loci in 86% of the ca-
ses primers amplifying from intron 1 to 3’UTR were used. If amplifications were 
unsuccessful, the GenDx core kit (8%) was used, amplifying exon 2-3, or exon 2 
amplification only. To resolve ambiguities in the latter 2 amplification strategies, 
exon 1 was amplified if required. All sequence reactions were performed with the 
primers as mentioned. FW: forward primer. RV: reverse primer.
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Abstract
HLA-C mismatches are clearly associated to alloreactivity after hematopoietic stem-cell 
transplantation; in a number of large cohorts, HLA-C mismatches are correlated to an 
increased risk of acute graft-versus-host disease (GVHD) or even impaired survival. While 
for HLA-A and -B both antigenic as well as allelic mismatches are associated with an 
increased risk of acute GVHD, such an increased risk is only observed for antigenic HLA-C 
mismatches and not for allelic mismatches. These observations raise the question what sets 
HLA-C apart from HLA-A and -B. The difference may well be related to the reduced levels 
of cell-surface expression of HLA-C as compared to HLA-A and -B, possibly due to, amongst 
other factors, a limited peptide-binding capacity. This limited peptide-binding capacity may 
retain HLA-C in the ER and enhance degradation of the HLA-C protein. Once degraded, HLA-
C-derived peptides can be presented to the immune system via other HLA-alleles and are 
thus available for indirect recognition. Indeed, such HLA-C derived peptides have previously 
been eluted from other HLA alleles. We have recently developed an approach to predict 
indirect recognition of HLA molecules, by establishing the numbers of Predicted Indirectly 
ReCognizable HLA Epitopes (PIRCHES). The number of PIRCHES presented on HLA class I and 
II (PIRCHE-I and -II respectively), are highly correlated to clinical measures of alloreactivity, 
such as acute GVHD. In the present “Hypothesis & Theory”, we reviewed the current 
knowledge on HLA-C mismatches and alloreactivity. Moreover, we speculate about the role 
of direct and indirect recognition of HLA-C and the consequences for donor selection in 
HLA-C mismatched stem-cell transplantation.
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Introduction
HLA-C is a classical HLA class-I protein, thus expressed on nucleated cells and is able to 
present peptides to T cells. Like the other classical HLA class-I proteins (HLA-A and -B), 
HLA-C consists of a polymorphic heavy chain and the non-polymorphic β2-microglobulin. 
The coding region for the heavy chain is located on chromosome six, in close vicinity of the 
HLA-B locus. HLA-C and -B alleles are therefore often inherited in non-random combinations, 
the so called linkage disequilibrium. 

Under normal conditions, HLA-C is expressed at low levels on the cell surface. This low 
expression level is likely the result of multiple factors: the HLA-C heavy chain messenger 
RNA is unstable (1); the HLA-C heavy chain does not associate efficiently with the β2-micro-
globulin (2-4); and HLA-C presents a rather restricted repertoire of peptides due to a very 
restricted α1 domain (5, 6). Due to the restricted peptide repertoire and the inefficient as-
sociation with β2-microglobulin, HLA-C is often retained within the endoplasmatic reticulum 
(ER) and degraded (4, 6, 7). Next to presenting peptides, HLA-C also serves as a ligand for 
natural killer (NK) cell receptors: Killer Immunoglobulin-like Receptors (KIR). HLA-C binding 
to KIRs can act as a negative or positive signal for the NK cells. It is often proposed that the 
negative signal is the main function of HLA-C and that therefore HLA-C cell surface expres-
sion levels are low (for a comprehensive review regarding the function of HLA-C in relation 
to KIR, see (8))(7).

Despite the low expression level of HLA-C, HLA-C mismatches are clearly associated 
to alloreactivity after hematopoietic stem-cell transplantation (HSCT): in a number of large 
cohorts HLA-C mismatches are correlated to an increased risk of acute graft-versus-host 
disease (GVHD) or even impaired survival (Figure 1AB) (9-13). 
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Figure 1 (A) Forest plot for relative risk of acute GVHD grade III-IV of HLA-C mismatches compared to HLA-mat-
ched transplants. (B) Forest plot for relative risk of mortality of HLA-C mismatches compared to HLA-matched 
transplants. #: (10) 33 cases of an HLA-C mismatch (either allelic or antigenic, also in combination with other 
mismatched loci) were compared to 78 10/10 matches. $: Authors indicated hazard ratios. ^: (11) 749 HLA-C mis-
matches (either allelic or antigenic) were compared to 108 8/8 matches. +: (9) 189 HLA-C antigenic mismatches and 
61 HLA-C allelic mismatches were compared to 1243 8/8 matches. ~: (12) 382 HLA-C antigenic mismatches and 96 
HLA-C allelic mismatches were compared to 1840 8/8 matches. 0: (13) 300 HLA-C antigenic and 57 HLA-C allelic mis-
matches were compared to 1511 10/10 matches. 10/10 match: donor and recipient matched on high-resolution 
level for HLA-A, -B, -C, -DRB1, -DQB1. 8/8 match: donor and recipient matched on high-resolution level for HLA-A, 
-B, -C, -DRB1. MM: mismatch. RR: relative risk, relative to either 8/8 or 10/10 matches, as indicated.
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Interestingly, for other HLA class-I mismatches (HLA-A and -B) both low-resolution level 
(antigenic) as well as high-resolution level (allelic) mismatches are associated with an 
increased risk of acute GVHD; whereas for HLA-C mismatches this increased risk is only 
observed for HLA-C antigenic mismatches (9, 12). The effect of HLA-C mismatches on 
alloreactivity may be explained by NK-cell recognition, however, the exact role of missing 
KIR ligands in HLA-C mismatched HSCT remains to be elucidated (14). On the other hand, 
development of acute GVHD clearly involves antigen recognition by T cells (as reviewed in 
(15)). The aim of this “Hypothesis & Theory” paper is to provide a potential explanation 
for the high immunogenicity of HLA-C antigenic mismatches, despite the low cell-surface 
expression levels. This potential explanation is based on how T-cell recognition might be 
involved in the alloreactivity related to HLA-C mismatches.

T-cell alloreactivity
HLA mismatches can lead to T-cell induced alloreactivity via two routes: direct or indirect 
recognition. Direct recognition is the process where the donor T cell recognizes the intact 
mismatched HLA molecule on the cell surface of recipient’s cells. Direct recognition is 
unlikely in the case of HLA-C mismatches because of the low cell-surface expression levels. 
Indirect recognition occurs when the mismatched HLA protein is processed within the cell 
and is presented as peptides by HLA molecules. At least 59 peptides derived from HLA-C 
have been eluted from HLA (16). When the mismatched HLA-C derived peptides differ from 
self peptides, they can be recognized by T cells. 

Our group has recently developed an approach to predict indirect recognition of mis-
matched HLA, by establishing the numbers of Predicted Indirectly ReCognizable HLA Epi-
topes (PIRCHES) (17). The number of PIRCHES presented on HLA class I and II, PIRCHE-I 
and -II respectively, are highly correlated to clinical measures of alloreactivity, such as acute 
GVHD and transplant-related mortality (Thus et al., manuscripts in preparation). 

HLA-C derived PIRCHES  
We hypothesize that the thus far unexplained substantial alloreactivity of HLA-C mismatches 
evolves due to indirect recognition of HLA-C. Indirect recognition may furthermore explain 
the observation that HLA-C antigenic mismatches specifically lead to alloreactivity, as 
antigenic mismatches likely lead to a higher number of indirectly recognizable epitopes 
compared to allelic mismatches. To support these hypotheses, we analysed our local cohort 
of patients transplanted with an unrelated single HLA-mismatched donor (a 9/10) after non-
myeloablative conditioning. All patients and donors were typed for HLA-A, -B, -C, -DRB1, 
-DQB1, at ultra-high (4-digit) resolution level, resolving all ambiguities. For retrospective 
high-resolution HLA-C typing of one HSCT pair, no remaining DNA was available. For this 
single situation, the high-resolution HLA-typing of this donor-recipient pair was deduced 
based upon the low-resolution HLA-C typing using the HLA-B/-C association probability 
(18). The majority of the 48 patients included in these analyses, were transplanted with a 
mismatch for HLA-C (N=20, 42%, Table 1).

PIRCHES were determined in the previously described manner (17) with some adap-
tations; differences in the current study are the incorporation of NetMHCIIPan 2.0, and Ne-
tChop for predicting processing of peptides with a processing probability of >0.5 and Net-
MHCPan 2.4 to select potential binders with an IC50 value <500nM for predicting PIRCHE-I 
(19-22). 
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Mismatch locus N (%)

  HLA-A 10 (21)

  HLA-B 6 (13)

  HLA-C 20 (42)

  HLA-DRB1 2 (4)

  HLA-DQB1 10 (21)

Table 1: The number and percentage of patients, per mismatched locus. 
We investigated our complete local cohort of patients transplanted with a 
single HLA-mismatched unrelated donor (a 9/10 match) after non-myeloa-
blative conditioning, for various underlying diseases. The majority (42%) 
was transplanted with an HLA-C mismatch.

We first analyzed the numbers of PIRCHE-I and -II separate per mismatched HLA locus 
(Figure 2AB). HLA-C mismatches yielded the highest numbers of PIRCHE-I (Figure 2A), al-
though the numbers of PIRCHE-I derived from HLA-C were not significantly different when 
compared to those derived from the other loci, likely due to the low patient numbers. The 
number of PIRCHE-II derived from HLA-C were significantly higher than those derived from 
HLA-B and HLA-DQB1 (Figure 2B, p=0.04 and p<0.01, respectively). The majority of the HLA-C 
mismatches were antigenic mismatches (N=18, 90%). The abundance of antigenic HLA-C 
mismatches may explain the high PIRCHE numbers, as the antigenic HLA-C mismatches led 
to significantly higher numbers of PIRCHES than the allelic mismatches (p=0.03 and p=0.02 
for PIRCHE-I and -II respectively). Allelic HLA-C mismatches always resulted in 0 PIRCHE-I, 
whereas the number of PIRCHE-II did not exceed 1. Antigenic HLA-C mismatches led to a 
median of 6 PIRCHE-I (range 0-11), and a median of 18 PIRCHE-II (range 1-32) (Figure 2CD).

To investigate whether indirect recognition of HLA-C predicts alloreactivity, we select-
ed the HLA-C mismatched transplantations only. We subsequently analyzed whether the 
risk of alloreactivity is related to the number of PIRCHES instead of the allelic versus anti-
genic definition. To this end, we redefined the HLA-C mismatches into low or higher number 
of PIRCHES. We defined 0 PIRCHE-I as low PIRCHE-I, as this was the number of PIRCHES 
derived from the allelic mismatches, and we defined ≤1 PIRCHE-II as low PIRCHE-II, as 1 was 
the maximum number of PIRCHE-II derived from the allelic mismatches. Interestingly, we 
have previously shown that these cut-offs were also the cut off values of the lowest tertiles 
of HLA-DPB1 derived PIRCHES (manuscript in preparation).

For all transplant recipients, the numbers of PIRCHES were correlated to acute GVHD 
development. We observe a trend for patients in the higher PIRCHE-I or -II group having an 
increased probability of acute GVHD compared to the low PIRCHES (Figure 3AB). Patients 
presenting low HLA-C derived PIRCHE-I or -II (N=3) did not develop acute GVHD. This dif-
ference is, although striking, not significant, likely due to low patient and event numbers 
(6 events). The number of PIRCHES is not associated to the severity of acute GVHD in this 
cohort, although such an association requires a larger study population; we observed only 3 
cases of clinically severe acute GVHD (grade III-IV).

Potential implications for donor selection
For HSCT donor-selection procedures, potential donors are at first mainly typed on a low to 
intermediate resolution level for HLA-A, -B, and  -DRB1. Based on donor-recipient matching 
for these loci, a limited number of donors are selected for further high-resolution typing, 
which includes typing of the other loci. For patients with rare HLA-B/-C associations, it 
will be very challenging to find a donor matched for both HLA-B and -C, due to the strong 
linkage disequilibrium between HLA-B and -C. As HLA-B matching is considered earlier in 
the donor selection procedure than HLA-C, patients with rare HLA-B/-C associations are 
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more frequently transplanted with an HLA-C mismatch. These HLA-C mismatches are often 
antigenic mismatches, as can be expected from the observed HLA-B/-C associations (18). Our 
data indicate that these antigenic HLA-C mismatches very frequently lead to high numbers 
of PIRCHES, due to the low level of homology between the two mismatched alleles. We 
propose that a mismatch for HLA-B may be considered in these cases, as in some situations 
the HLA-B mismatches can lead to lower numbers of PIRCHES than HLA-C mismatches. 

To support the above-mentioned option, we performed a theoretical analysis. To this 
end, we analyzed the possibility to identify an alternative 9/10 mismatched donor for those 
HLA-C mismatched cases that had an increased probability of acute GVHD (i.e. PIRCHE-I>0 
and PIRCHE-II>1, N=17), using haplotype frequency tables (18). For these patients, we aimed 
at a theoretical HLA-B mismatch instead of an HLA-C mismatch. For 13 (76%) patients we 
could identify a potential HLA-B mismatched donor (Table 2). In 7 (54%) of these cases, the 
HLA-B mismatch led to a lower number of PIRCHE-I than the selected HLA-C mismatched 
donor, and in 9 (69%) of the cases the HLA-B mismatch yielded a lower number of PIRCHE-II 
than the HLA-C mismatch (Figure 4AB). The numbers of PIRCHE-II related to an HLA-B mis-
match instead of an HLA-C mismatch, are significantly reduced for the HLA-B mismatched 
cases (p=0.03). Thus, HLA-B mismatches can lead to a lower probability of indirect recogni-
tion than HLA-C mismatches. We hypothesize that the effect of HLA mismatches does not 
depend on a locus-specific effect, but is rather related to the resulting PIRCHES. 
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Figure 2 (A) The number of PIRCHE-I displayed by the mismatched locus they are derived from. (B) The number 
of PIRCHE-II displayed by the mismatched locus they are derived from. (C) The number of PIRCHE-I derived from 
an HLA-C allelic versus antigenic mismatch. (D) The number of PIRCHE-II derived from an HLA-C allelic versus 
antigenic mismatch. Horizontal lines indicate the median value, differences between groups were tested with 
Mann-Whitney U Tests. Patients with an HLA-C mismatch had a significantly higher number of PIRCHE-II compared 
to patients with an HLA-B or –DQB1 mismatch. Patients with HLA-C antigenic mismatches, had higher number of 
PIRCHE-I and -II compared to allelic mismatches. 
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Discussion
HLA-C mismatches lead to substantial alloreactivity, despite the low cell-surface expression 
levels of HLA-C. Particularly, antigenic HLA-C mismatches lead to high risks of complications 
(Figure 1). In our local cohort of patients transplanted with a single HLA mismatch, we 
show that HLA-C mismatches lead to higher numbers of indirectly recognizable epitopes 
(PIRCHES) than when mismatches are located on other loci (Figure 2). Furthermore, 
patients presenting HLA-C derived PIRCHE-I or more than one HLA-C derived PIRCHE-II are 
at a higher risk of developing acute GVHD. Indirect recognition of HLA-C mismatches may 
therefore provide an explanation for the alloreactive complications observed after HLA-C 
mismatched transplants. 

In theory, HLA-C allelic mismatches may lead to direct recognition by donor T cells, as 
the T-cell receptor (TCR) contact residues likely remain similar amongst allelic mismatch-
es. The polymorphisms in allelic mismatches will mostly reside within the peptide-binding 
groove, and can thus lead to different peptide presentation repertoires. Because of the self-
HLA restriction of the TCR, the T cell may still bind to the allelic mismatch and can then 
recognize the different peptide repertoire as foreign. With antigenic mismatches, the self 
and allogeneic HLA will contain large numbers of polymorphic residues, and the TCR may 
not bind to the mismatched allogeneic HLA anymore. When the TCR cannot bind to the 
allogeneic HLA, recognition of the mismatch will not occur. Therefore, direct recognition 
seems more likely in the case of allelic mismatches. In line with this suggestion, previous 
in vitro studies have proposed that one should rather mismatch largely (antigenic) instead 
of only for a small number of polymorphic residues (allelic)(23). The latter study clearly 
showed that the chance of the donor developing cytotoxic T-lymphocytic precursors in vitro 
was more likely in less polymorphic mismatches, suggesting a greater probability of direct 
recognition by donor T cells in vivo. However, as HLA-C cell-surface expression is low, devel-

A B

Figure 3 (A) Probability of acute GVHD by HLA-C derived PIRCHE-I low or PIRCHE-I higher. (B) Probability of acute 
GVHD by HLA-C-derived PIRCHE-II low or PIRCHE-II higher. Kaplan-Meier curves were constructed to analyze the 
probability of developing acute GVHD II-IV for patients in the low (in grey) and higher (in black) PIRCHE groups. 
Patients with low PIRCHE-I did not develop acute GVHD. Patients with low PIRCHE-II did not develop acute GVHD. 
Probabilities of acute GVHD II-IV were not significantly different amongst the low or higher PIRCHE groups as tested 
with log-rank tests. GVHD: graft-versus-host disease. HSCT: hematopoietic stem-cell transplantation.
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opment of direct recognition is less probable. In line with this assumption, the previously 
reported HistoCheck model for direct recognition of HLA class-I mismatches, did not predict 
alloreactive complications after HLA-C mismatched HSCT (nor for HLA-A and -B mismatches)
(24). Similarly, the scores obtained with this direct recognition model showed no correlation 
to acute GVHD development in our cohort (p=0.97). These observations further support 
the hypothesis that indirect recognition may be an important route of HLA-C mismatches 
evoking alloreactivity.

HLA-C cell-surface expression is low due to, amongst other factors, a limited peptide 
presentation profile and subsequent unstable association with β2-microglobulin. This insta-
bility leads to prolonged HLA-C presence in the ER and finally degradation of the protein. 
When HLA-C is degraded, it can thereafter be presented on other HLA proteins as peptides. 
Indeed, HLA-C derived epitopes are frequently diluted from other HLA alleles (16). These 
HLA-C derived PIRCHES can lead to alloreactivity. As HLA-C allelic mismatches lead to a low 
number of PIRCHES and antigenic mismatches to a high number of PIRCHES, indirect recog-
nition of mismatched HLA-C may explain the risk related to antigenic HLA-C mismatches and 
the absence of this relationship for allelic HLA-C mismatches.

Recently, another study explained the absence of immunogenicity of HLA-C allelic 
mismatches by the predominance of the HLA-C*03:03/03:04 mismatch combination in this 
group (25). In this study, a negative impact on clinical outcomes was observed for HLA-C an-
tigenic mismatches and any mismatch on HLA-A, -B, or -DRB1, whereas HLA-C*03:03/03:04 
mismatches had similar outcomes as HLA-A, -B, -C, -DRB1 matched (8/8) transplantations. In 
contrast, HLA-C allelic mismatches other than HLA-C*03:03/03:04 did lead to an increased 
probability of acute GVHD. These data may also be explained by the indirect recognition 
model, as the HLA-C*03:03/03:04 mismatch leads to a difference in only one amino acid, 
and therefore likely yields a low number of indirectly recognizable epitopes. Indeed, in our 
cohort, two patients were transplanted with an HLA-C*03:03/03:04 mismatch, leading to 
low PIRCHE-I and -II (Table 2).

HLA-C mismatches can not only lead to T-cell recognition; B-cell recognition may al-
ternatively lead to alloreactivity upon HLA-mismatched HSCT. The development of HLA-C 
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Figure 4 (A) The number of PIRCHE-I for the selected HLA-C mismatch, compared to a potential HLA-B mismatch. 
(B) The number of PIRCHE-II for the selected HLA-C mismatch, compared to a potential HLA-B mismatch. For 17 
patients with high numbers of mismatched HLA-C derived PIRCHE-I and -II, we analyzed whether we could poten-
tially find a mismatched HLA-B alternative donor. We found that in 7 (54%) of these cases we could reduce the 
number of PIRCHE-I with this strategy and in 9 (69%) of these cases we could reduce the number of PIRCHE-II. The 
numbers of PIRCHE-II are significantly lower when we would have chosen the potential HLA-B mismatch instead of 
the selected HLA-C mismatch (Wilcoxon matched-pairs signed ranked test, p=0.03).
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specific antibodies is correlated to complications after HLA-mismatched organ transplan-
tation (26). HLAMatchmaker is a well-validated in silico tool for analyzing such HLA-specific 
antibody responses (27, 28). The number of eplets defined by HLAMatchmaker is correlated 
to the antibody reactivity against mismatched HLA (29). Although HLA antibodies may play a 
role in HSCT outcome, the HLAMatchmaker algorithm is not suitable to predict GVH-direct-
ed alloreactivity in HLA-mismatched HSCT (30). Particularly for HLA-C, a correlation between 
GVHD and HLAMatchmaker scores may be unlikely; low cell-surface expression of HLA-C 
also limits the potential of binding by HLA-C specific antibodies to the mismatched alleles. 
Indeed, in our small cohort of HLA-C mismatches, HLAMatchmaker scores are also not cor-
related to acute GVHD development (p=0.77).

HLA-C mismatched donors are more frequently selected than HLA-B mismatched do-
nors, due to the previously mentioned donor selection procedures. We have proposed that 
HLA-B mismatches may in some situations lead to a lower probability of indirect recognition 
than HLA-C mismatches, and that therefore an HLA-B mismatch may be preferred. Although 
some studies indicate a particularly strong effect of HLA-B mismatched transplantations on 
detrimental outcomes (13); literature remains inconclusive regarding a higher risk of HLA-B 
mismatches compared to other mismatched loci (9, 11, 12). Before implementing the pro-
posed strategy of selecting donors with the lowest numbers of PIRCHES, regardless of the 
locus that is mismatched, the effect of PIRCHES per mismatched locus should be studied in a 
large cohort. Such studies would also allow investigations on the risk of alloreactivity due to 
direct recognition in cases with zero PIRCHES, reflecting the absence of indirect recognition.        

To summarize, in this “Hypothesis & Theory” paper, we investigated whether indirect 
recognition of HLA-C mismatches may explain the risk of alloreactivity in the context of the  
relatively low cell-surface expression level of HLA-C. We observed a high number of HLA-C 
derived PIRCHES in the case of antigenic HLA-C mismatches. These high numbers of PIRCHES 
seem to be correlated to an increased acute GVHD risk. We next investigated whether selec-
tion of an HLA-B mismatched donor might lead to lower numbers of indirectly recognizable 
epitopes compared to the selected HLA-C mismatch. Indeed, for a number of patients we 
could identify a potential lower immunogenic alternative. It might thus be preferable to 
select a mismatch that leads to the lowest number of PIRCHES, instead of avoiding mis-
matches on a specific locus, although this requires confirmation. This strategy may reduce 
the risk of alloreactive complications. We further propose that future studies investigating 
the effect of HLA-C, and other mismatches, on alloreactivity after HSCT with different stem-
cell sources, need to be conducted in large cohorts in order to verify the clinical relevance 
of our hypothesis. 
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Abstract
Unrelated Cord Blood Transplantation (UCBT) provides a curative therapy for patients with 
hematological malignancies. The effect of HLA mismatches in UCBT is currently subject of 
debate. HLA-mismatched UCBT may lead to improved leukemia control, but may also lead 
to graft-versus-host disease (GVHD) resulting in non-relapse mortality (NRM). The aim of 
this study was to investigate whether indirect recognition of mismatched HLA provides an 
explanation for the graft-versus-tumor (GVT) effect and risk of GVHD. 

The probability of indirect recognition was predicted by the Predicted Indirectly 
ReCognizable HLA Epitopes (PIRCHE) model. The effect of the numbers of PIRCHE presented 
on HLA class I and II (PIRCHE-I and -II) was studied in 134 pediatric patients. To study the 
effects of higher numbers of PIRCHE, patients were divided in two equal-sized groups, using 
the median number of PIRCHE as cut-off values. Proportional hazard models and competing 
risk analyses were performed to study the effect of PIRCHE on the clinical outcomes relapse, 
acute and chronic GVHD, NRM, disease-free and overall survival. 

Above median PIRCHE-I were associated to reduced relapse risk (HR 0.26, 95%-CI 0.07-
0.94, p=0.04), evaluating the 50 patients transplanted for a malignancy. Both PIRCHE-I and 
-II were not associated to other clinical outcomes, including GVHD and NRM. 

These data suggest that high PIRCHE-I may lead to improved GVT effects after UCBT, 
without an accompanying GVHD risk. Inclusion of PIRCHE in the UCB-selection criteria may 
enhance UCBT outcome, which needs to be tested in prospective studies. 
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Introduction
Unrelated cord blood transplantation (UCBT) provides an attractive alternative for patients 
in need of allogeneic hematopoietic cell transplantation (HCT), lacking an HLA-matched 
sibling donor. HLA mismatches are well tolerated in case of UCBT, and an acceptable UCB 
donor is available for virtually every patient (1).

Whether HLA mismatches in UCBT are favorable or detrimental, is subject of ongo-
ing debate. On the one hand, HLA mismatches may enhance the graft-versus-tumor (GVT) 
effect, leading to significantly reduced relapse risks after HLA-mismatched UCBT (2-8). On 
the other hand, HLA-mismatched UCBT has been associated with an increased risk of graft-
versus-host disease (GVHD) resulting in non-relapse mortality (NRM) (7, 9). Dissection of 
the GVT potential of HLA mismatches from the GVHD risk, would greatly enhance UCBT 
outcome. 

Indirect T-cell recognition of HLA mismatches is a potential explanation for both the 
GVT effect and GVHD. During indirect recognition, donor T cells recognize peptides derived 
from the mismatched HLA that are presented on shared HLA (10). The Predicted Indirectly 
ReCognizable HLA Epitopes (PIRCHE) algorithm provides a method to distinguish HLA mis-
matches into those leading to a high or low probability of indirect T-cell recognition (11-13). 
PIRCHE can be presented by HLA class I and II (PIRCHE-I and -II, respectively), which theoret-
ically correlate to the probability of CD8+ and CD4+ T-cell recognition, respectively. In adult 
unrelated donor HCT with peripheral blood-derived stem cells, both PIRCHE-I and -II were 
correlated to GVHD development (12, 13). Thus, PIRCHE seem to provide the opportunity of 
dissecting HLA mismatches into those with high and low alloreactive CD8+ and CD4+ T-cell 
potential.

We hypothesized that the GVT potential and the GVHD risk of HLA mismatches in UCBT 
are correlated to the numbers of PIRCHE-I and/or -II, and that consequently, PIRCHE may 
provide a prognostic tool that ultimately improves clinical outcome. To address this issue, all 
pediatric patients that received an  UCBT in the UMC Utrecht were studied for the correla-
tion of PIRCHE-I and -II with clinical outcomes.

Methods
Study population
All consecutive pediatric patients receiving UCBT in the UMC Utrecht from 2004 until 2014 
were analyzed for inclusion in this study. Clinical data were collected prospectively. Patients 
had given written consent in accordance with the Declaration of Helsinki. Allelic HLA-typing 
was retrospectively performed for all patient and donor pairs for HLA-A, -B, -C, -DRB1, -DQB1 
on a two-field unambiguous resolution level. Inclusion criteria were: availability of complete 
HLA typing and, in case of multiple donor HCT (double unit UCBT, or UCBT combined with 
haploidentical donor cells), established engraftment of one of the two donors.

Transplantation details 
Transplantation procedures of the UMC Utrecht have been described previously (14). In 
summary, patient-donor pairs were matched with a minimum match grade of 4/6 for HLA-A, 
-B and -DRB1 (HLA-A and –B serological level and HLA-DRB1 high-resolution level). The 
majority of patients have received a myeloablative conditioning regimen (either Busulfan-
based with Therapeutic Drug Monitoring, N=109, 81%; or Total Body Irradiation-based, 
N=11, 8%, Table 1), four (8%) of the patients with a malignancy received a non-myeloablative 
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regimen. All patients were in complete remission prior to HCT. GVHD prophylaxis consisted 
of Cyclosporin A (target concentration 0.20-0.25 mg/L), one mg/kg prednisolone, and 
10 mg/kg anti-thymocyte globulin (ATG, Thymoglobuline) if transplanted prior to 2011. 
Patients received 10 μg/kg recombinant human granulocyte colony-stimulating factor 
from seven days post-HCT until neutrophil recovery (defined as three consecutive days 
neutrophils ≥500/µL). Antimicrobial prophylaxis consisted of ciprofloxacin (seven days prior 
to HCT until neutrophil recovery), 500 mg/m2 acyclovir (from seven days prior to HCT until 
CD4+ T-cell recovery for varicella-zoster virus–positive patients), and two mg/kg twice per 
week voriconazole (from the start of conditioning until neutrophil recovery), 100 mg/kg 
cefazolin (from day zero until absence of mucositis), once every three weeks cotrimoxazole 
from myeloid recovery until at least six months post-HCT.

PIRCHE 
PIRCHE were determined as described previously (12, 13). In short, PIRCHE-I were identified 
in two steps. First, proteasome-mediated cleavage and transportation via the TAP channel 
were predicted for all donor and patient HLA molecules using NetChop C-term 3.0 (15, 
16). Subsequently, peptides were tested for their binding capacity to the HLA-A, -B, and 
-C molecules that were shared between the donor and patient, using NetMHCpan 2.4 (17, 
18). Only peptides with IC50-binding values ≤500nM were accepted as relevant binders (19). 
For PIRCHE-II, the nonameric binding cores of potential 15-meric HLA-DRB1 binders were 
predicted with NetMHCIIPan 2.0 (20, 21), considering IC50-binding values ≤1000nM as being 
relevant (22). Only unique patient-derived peptide-HLA complexes were classified as being 
a PIRCHE. The PIRCHE prediction algorithm is accessible via www.pirche.org. 

For PIRCHE predictions, complete sequences of exon 1-8 for HLA class I and exon 1-6  
for HLA class II are required. The model was therefore improved by extending protein se-
quences of HLA alleles that were not completely documented in the HLA-IMGT database 
(IMGT database, accessible via: www.imgt.org). Extensions were made based on a near-
est neighbor principle, e.g. incomplete protein sequences were completed based upon the 
complete sequences from the HLA allele with the highest homology score for the docu-
mented partial protein sequences. 

GVH-directed PIRCHE were determined for multiple donor HCT based on the engraft-
ing donor: dominant UCB in case of double UCB (differing dominance in N=2, therefore 
excluded from the analyses) and UCB in case of haplo-UCBT. 

Endpoints and statistical analyses
The data were retrospectively analyzed. Differences in groups of PIRCHE were assessed 
by χ2 tests for categorical variables and with a student’s T test for continuous variables. 
The clinical endpoints studied were: relapse, acute and chronic GVHD, NRM, disease-free 
survival (DFS) and overall survival (OS). For the endpoints related to the GVT effect (relapse 
and DFS), only patients with a malignancy were studied. The impact of other endpoints was 
studied in the entire cohort, as all these patients are at risk. The effects of PIRCHE and other 
donor-, patient- and transplantation-associated variables on the time-dependent clinical 
outcomes were analyzed using proportional hazard models for chronic GVHD, DFS and OS. 
Competing risk analyses were performed for relapse, acute GVHD, and NRM. Graft failure 
and NRM were considered competing risks for relapse; graft failure, relapse and NRM were 
considered competing risks for acute GVHD; and relapse and graft failure were considered 
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competing risks for NRM. To study the effect of higher numbers of PIRCHE, patients were 
divided into two groups, using the median as a cut-off value. Statistical models evaluated 
the following parameters for inclusion in the multivariate models: patient age, patient sex, 
conditioning regimen, serotherapy, patient CMV serostatus, primary disease, prior HCT, the 
number of CD34+ and white blood cells infused/kg, and prior acute GVHD in the model 
for chronic GVHD. Factors associated with outcome in univariate analyses (p<0.10) were 
included in multivariate models. Kaplan-Meier curves were constructed to study the time-
dependent probability of events related to PIRCHE. Statistical procedures were performed 
with SPSS version 20.0 (SPSS Inc, Chicago, IL, USA), competing risk analyses were performed 
in R version 3.0.0 (R Foundation for Statistical Computing, Vienna, Austria). P-values <0.05 
were considered statistically significant. 

Role of the funding source
The funding bodies had no role in study design, data collection, data analysis, data 
interpretation, or writing of the report. The corresponding author had full access to all the 
data in the study and final responsibility for the decision to submit for publication.

Variable N (%)

Age at transplantation (year), median (range) 4.93 (0.14-22.74)

WBC infused (107/kg), median (range) 6.05 (0.59-33.20)

Patient sex

Female 54 (40.3)

Male 80 (59.7)

Diagnosis

Malignancy 50 (37.3)

Inborn error of metabolism 35 (26.1)

Immune deficiency 33 (24.6)

Bone marrow failure 13 (9.7)

Other 3 (2.2)

Conditioning regimen

TBI/VP16 11 (8.2)

BuCy(MeL) 30 (22.4)

FluBu(Clo) 79 (59.0)

CyFlu 12 (9.0)

Treo-based 2 (1.5)

Match grade

4/6 18 (13.4)

5/6 64 (47.8)

6/6 51 (38.1)

Table 1: Baseline characteristics. 
WBC: white blood cells. TBI: total 
body irradiation. VP16: Etoposide. 
Bu: Busulfan. Cy: Cyclophospha-
mide. MeL: Melphalan. Flu: Fluda-
rabine. Clo: Clofarabin. Treo: Treo-
sulfan.  BuCy(MeL) was used for 
patients transplanted before 2009, 
FluBu(Clo) after 2009. Of the malig-
nancies, the majority was myeloid 
(N=23, 46%).
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Results
Baseline characteristics
In total 156 patients received UCBT in the study period, of which 134 met the inclusion 
criteria. The median age was five years (range 0-23). Patients were transplanted for various 
underlying diseases, with malignancy as the main indication. Median follow-up was 1.4 
years (range 0-10.6). Detailed clinical characteristics have been listed in Table 1. 

The median numbers of PIRCHE were 3.5 for PIRCHE-I (range 0-40) and 13 for PIRCHE-II 
(range 0-96). Patients with above median PIRCHE-I had significantly more often bone-mar-
row failure as indication for the HCT (p=0.02), and patients with below median PIRCHE-I 
were significantly more often male (p=0.01); other baseline characteristics did not signifi-
cantly differ between the groups of PIRCHE. These differing factors were not associated with 
the tested clinical endpoints, and therefore the uneven distribution has likely not impacted 
the analyses.

PIRCHE-I associate with relapse
We hypothesized that a higher number of PIRCHE increases the likelihood of T-cell recognition 
and thus enhances a GVT effect. To study the effect of PIRCHE on GVT reactivity, the relapse 
probabilities of two groups of PIRCHE were compared, using the median number of PIRCHE 
as a cut-off value. Overall, the five year relapse incidence was 22%, which was significantly 
lower in the group of patients that presented above median PIRCHE-I (11%, p=0.04, Figure 
1, hazard ratio (HR) 0.26, 95%-confidence interval (CI) 0.07-0.94, p=0.04, Table 2). PIRCHE-II 
were not significantly associated to relapse. Thus, above median PIRCHE-I associate with 
a reduced relapse risk, suggesting that donor CD8+ T cells recognize patient tumor cells, 
thereby substantiating the well-established crucial role of alloreactive CD8+ T cells in tumor 
control (23-25).

PIRCHE-I PIRCHE-II

Outcome HR 95%-CI p HR 95%-CI p

Relapse, N=50 0.26 0.07-0.94 0.04 0.37 0.10-1.31 0.12

Acute GVHD II-IV 0.72 0.35-1.46 0.36 0.95 0.47-1.93 0.88

Acute GVHD III-IV (1) 1.11 0.38-3.28 0.84 2.77 0.75-10.26 0.13

Severe chronic GVHD, N=114 (2) 2.20 0.36-13.25 0.39 3.94 0.44-35.36 0.22

DFS, N=50 0.41 0.15-1.13 0.09 0.89 0.33-2.39 0.81

NRM (3) 1.65 0.76-3.57 0.21 1.17 0.52-2.26 0.70

OS (4) 1.09 0.59-2.02 0.77 1.06 0.57-1.97 0.85

Table 2: Effect of above median PIRCHE-I and -II in multivariate models. Number of evaluated patients was 134 
unless otherwise indicated. Multivariate models included: 1) CMV status; 2) acute GVHD grade II-IV; 3) prior HCT; 
4) prior HCT, number of CD34+ cell infused, number of WBC infused. PIRCHE-I: predicted indirectly recognizable 
HLA epitopes presented by HLA class I. PIRCHE-II: predicted indirectly recognizable HLA epitopes presented by HLA 
class II. HR: hazard ratio. CI: confidence interval. GVHD: graft-versus-host disease. DFS: disease-free survival. NRM: 
non-relapse mortality. OS: overall survival.
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Neither PIRCHE-I nor PIRCHE-II are associated to other endpoints 
The positive GVT effect of PIRCHE might clinically be counterbalanced by an increased GVHD 
risk. We therefore studied the effect of PIRCHE on acute and chronic GVHD in the total 
study group. Neither PIRCHE-I nor PIRCHE-II were significantly associated to (severe) acute 
or chronic GVHD development (Table 1). In addition, PIRCHE-I and -II were not significantly 
associated to NRM and OS (Table 2). 

As PIRCHE-I have a positive anti-tumor effect, we studied whether patients with high 
PIRCHE-I have improved DFS. In patients with a malignancy, there was a trend for patients 
having an increased probability of DFS when they presented above median PIRCHE-I com-
pared to lower PIRCHE-I (HR 0.41, 95%-CI 0.15-1.13, p=0.09, Table 2, Figure 1). 

Discussion
This study was initiated to investigate whether the GVT potential and GVHD risk of HLA 
mismatches after UCBT is predictable, based on the number of PIRCHE. In this unique, 
mono-center pediatric patient cohort, PIRCHE-I values above three were significantly 
associated with a reduced relapse rate. High PIRCHE-I and -II did not result in detrimental 
(side) effects, as reflected by similar GVHD and NRM. These results therefore suggest that 
selection of UCB units with high numbers of PIRCHE-I may improve transplant outcome for 
patients with a malignant disease.

The GVT potential of PIRCHE-I may explain why HLA mismatches in UCBT can be associ-
ated to a reduced relapse risk (2-8). The association between PIRCHE-I and relapse suggests 
that PIRCHE-specific CD8+ T cells may be involved in anti-tumor responses. In vitro studies 
regarding PIRCHE-specific T cells of patients after UCBT may allow elucidating why in some 
UCBT settings the alloreactivity of HLA mismatches is directed towards the positive anti-tu-
mor response, resulting in improved survival (8), whereas in others it results in GVHD and 
the detrimental NRM (7, 9). The current data suggest that in our local center especially 
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Figure 1: The probability of relapse (A) and disease-free survival (B) by PIRCHE-I groups. Patients with above 
median PIRCHE-I (dotted line) had a significantly reduced probability of relapse resulting in a trend for improved 
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tumor-reactive PIRCHE-specific T cells can be identified. 
This proof-of-principle study included a limited number of patients with a malignancy. 

Before PIRCHE can be implemented in the donor-selection procedure, validation studies are 
warranted, to investigate whether the GVT potential of PIRCHE-I does result in better surviv-
al; and whether the effect of PIRCHE-I may be specifically related to, for example, myeloid 
malignancies, as the GVT effect of donor lymphocyte infusions is mostly restricted to my-
eloid leukemias (26). These aspects need to be addressed in larger cohorts, with a specific 
focus on patients transplanted for acute leukemia.

PIRCHE may introduce a new level of matching for UCBT. PIRCHE can be predicted for 
all patient-donor combinations when high-resolution HLA typing of the donor and patient 
are available. PIRCHE predictions could be used to assist in the selection procedure when 
the match grade and cell dose of multiple CB units are considered acceptable, as an extra 
criterion. Ultimately, PIRCHE may provide an opportunity to select HLA-mismatched CB do-
nors with a high anti-tumor potential.

In conclusion, this study provides data on a potential novel donor-selection method. 
We have demonstrated that high PIRCHE-I values enhance the GVT potential of HLA-mis-
matched UCBT without increasing the risk of GVHD and NRM. The results from our local 
proof-of-principle study require external validation in either retrospective or prospective 
studies.
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Abstract
Double unit cord blood transplantation (dUCBT) provides a therapeutic treatment modality 
for patients with hematological malignancies. Since the vast majority of dUCBT involves 
HLA mismatches, we determined optimal HLA mismatches for dUCBT with respect to 
clinical outcome, focusing on indirect recognition of mismatched HLA. To this end, indirect 
recognition of mismatched HLA was classified by the number of Predicted Indirectly 
ReCognizable HLA Epitopes presented on HLA class I and II (PIRCHE-I and -II), and correlated 
to clinical outcomes of two independent dUCBT cohorts. Correlations were first studied 
in a hypothesis-generating cohort (HC; 66 patients), and confirmed in a validation cohort 
(VC; 266 patients). Patients were divided in three equally sized PIRCHE groups based on the 
observed distribution of numbers of PIRCHE in the HC (low, intermediate and high). The risk 
of disease progression was significantly reduced in the high PIRCHE-I group when compared 
to the low group (HC: HR 0.33, 95%-CI 0.09-1.19, p=0.09, VC: HR 0.48, 95%-CI 0.28-0.85, 
p=0.01). This decreased anti-tumor effect of low PIRCHE-I resulted in impaired survival. In 
the VC, patients with low PIRCHE-I had poorer overall and progression-free survival (OS, 
PFS) compared to patients with higher PIRCHE-I (OS: HR 0.73, 95%-CI 0.52-1.04 p=0.08; 
PFS: HR 0.68, 95%-CI 0.49-0.94, p=0.02). To conclude, indirect recognition of HLA impacts 
progression of hematological malignancies and consequently PFS and OS after dUCBT. 
These results warrant prospective studies to investigate the effect of PIRCHE-based UCB 
selection.
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Introduction
Transplantation with two units of umbilical cord blood (dUCBT) provides an attractive 
treatment modality for patients in need of an allogeneic hematopoietic cell transplantation 
(allo-HCT). A major advantage of  dUCBT is the improved tumor control compared to HCT 
with cells derived from bone-marrow or peripheral blood (1). The enhanced graft-versus-
tumor (GVT) effect of dUCBT could be a result of the high level of HLA mismatching (1): it is 
well known that HLA-mismatches can result in GVT-reactivity after UCBT (2-7). Despite the 
GVT potential of HLA mismatches, HLA mismatches may lead to an increased probability 
of graft-versus-host disease (GVHD) (8, 9). To date, dissection of the GVT potential of HLA 
mismatches from the GVHD risk is not possible. Being able to differentiate HLA mismatches 
into high and low risk mismatches with respect to the GVT potential and GVHD risk, could 
enhance UCB unit selection and thus provides a major step forward in improving outcome 
after dUCBT.

Indirect recognition of HLA mismatches is an important route of alloreactivity. During 
indirect recognition, donor T cells recognize peptides derived from patient-mismatched HLA 
presented on shared HLA. T cells recognizing such epitopes have been isolated during GVHD 
(10), and after solid organ transplantation prior to graft rejection (11-13). Moreover, studies 
in adult unrelated-donor (URD) HCT indicate that indirect recognition of mismatched HLA 
plays a role in clinical outcome (14, 15). These latter studies predicted indirectly recogniz-
able HLA epitopes in the context of allo-HCT by a novel computational strategy. Higher num-
bers of “Predicted Indirectly ReCognizable HLA Epitopes” (PIRCHE) were associated with 
alloreactivity, as reflected by an increased risk of acute GVHD (aGVHD) development (14, 
15). As the PIRCHE model is able to define high and low alloreactive HLA mismatches for 
URD-HCT, we hypothesized that PIRCHE have the capacity to dissect HLA-mismatches into 
those with high or low anti-tumor potential for UCBT as well.

The present study addresses the effect of indirect HLA recognition on clinical outcomes 
after dUCBT. To this end, the relationship between PIRCHE and GVT potential or GVHD risk 
was studied, in two independent cohorts. Finally, the effect of PIRCHE on progression-free 
and overall survival (PFS, OS) was investigated in order to generate PIRCHE-based donor 
selection criteria.

Methods
Study population
The hypothesis-generating cohort (HC) consisted of 66 high-risk Dutch patients that 
received a dUCBT between 2007 and 2012 (Table 1). Of these 66 patients, 58 (88%) were 
treated according to the HOVON 106 trial protocol (7, 16). The remaining 8 (12%) were 
transplanted in the UMC Utrecht outside the trial, with different conditioning regimens. 
Ultra high-resolution (2-field unambiguous) level HLA-A, -B, -C, -DRB1, -DQB1 typing was 
available for 37 (56%) patients and donors. In contrast to high-resolution typing, which is 
restricted to exon 2-3 for class I and exon 2 for class II, 2-field unambiguous level typing 
includes the entire protein sequence, which is essential for PIRCHE predictions. Therefore, 
for patient-donor combinations with standard resolution HLA-typing data, unambiguous 
2-field level typing was predicted based on known frequencies and associations of HLA-
alleles (17). Chimerism analyses were performed on bone-marrow and determined based 
on quantitative amplification with short tandem repeat polymerase-chain reactions (16).

The validation cohort (VC) consisted of 266 patients after dUCBT in the University of 
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Minnesota Medical Center for a hematological malignancy between 2003 and 2011 (Table 
1). To validate the findings of the HC in a stringent manner, patients were only included 
when complete 2-field level HLA typing was available, and when single unit dominance was 
established based on chimerism analyses.

PIRCHE 
PIRCHE were determined as described previously (14, 15). For PIRCHE predictions, complete 
protein sequences of exon 1-8 for HLA class I and exon 1-6 for HLA class II are required. 
The model was therefore improved as compared to previous reports (14, 15), by extending 
protein sequences of HLA alleles that were not completely documented in the HLA-IMGT 
database (IMGT database, accessible via: www.imgt.org). Extensions were made based 
on a nearest neighbor principle, i.e. incomplete protein sequences were completed based 
upon the complete sequences from the HLA allele with the highest homology score for the 
documented partial protein sequences. PIRCHE predictions are available via www.pirche.
org.

Endpoints and definitions
The primary endpoint was disease progression, in order to study the effect of PIRCHE 
on anti-tumor potential. Disease progression of the original disease was monitored by 
morphology in the blood or marrow, and non-relapse mortality (NRM) was regarded a 
competing event. Secondary evaluated clinical endpoints were: grades II-IV and III-IV aGVHD 
(18), with progression and NRM as competing events; cGVHD; NRM, defined as mortality 
without previous progression of disease, with progression as competing event; progression-
free survival (PFS), defined as time from dUBCT to progression or death from any cause, 
whichever came first; and OS, defined as time from dUCBT to mortality. The dominant unit 
was defined as the unit that was present for >95% in bone-marrow chimerism analyses. 

Statistical methods
To investigate the effect of PIRCHE on GVH-directed alloreactivity, only GVH-PIRCHE of the 
dominant UCB unit were investigated. To study the effects on progression, aGVHD, and 
NRM, multivariate competing-risks analyses were performed. The effects of PIRCHE on 
cGVHD, PFS and OS were analyzed in multivariate Cox regression analyses. 

Statistical models evaluated the following parameters for inclusion in the multivariate 
models: patient age, patient sex, sex mismatch (female dominant UCB for male patient), 
HLA match grade between dominant UCB unit and patient (on 2-field level for 5 loci), con-
ditioning regimen (myeloablative (MA), non-myeloablative with anti-thymocyte globulin 
(NMA+ATG) and without ATG (NMA-ATG)), patient CMV serostatus, primary disease, ori-
gin and accuracy of HLA-predictions (HC only, as in the VC HLA-typing was performed on a 
high-resolution level for all patients and donors), and disease risk prior to HCT (VC only, as 
in the HC all patients were considered high risk). 

The effect of PIRCHE on alloreactivity was first studied in the HC. For associations in the 
HC with p<0.10, confirmation was sought in the VC, p<0.05 was considered statistically sig-
nificant. Correlations that were observed in both the HC and VC were regarded confirmed. 
Statistical procedures were performed with SPSS version 20.0 (SPSS Inc, Chicago, IL, USA), 
and competing risk analyses were performed with R version 3.0.0 (The R Foundation for 
Statistical Computing, Vienna, Austria). 
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HC, N (%) VC, N (%) p

N 66 266

PIRCHE-I, median (range) 8 (0-37) 8 (0-59)

PIRCHE-II, median (range) 26 (0-138) 25 (0-111)

Age in years, median (range) 53 (20-65) 44 (0-70) <0.01

Disease

ALL 10 (15) 62 (23) 0.01

AML 35 (53) 108 (41)

CLL 5 (8) 7 (3)

CML 4 (6) 7 (3)

NHL 5 (8) 32 (12)

HL - 19 (7)

MDS 1 (2) 22 (8)

MM 1 (2) 3 (1)

MPD - 5 (2)

PLL - 1 (0)

(V)SAA 5 (8) -

Patient sex

Male 33 (50) 162 (61) 0.11

Female 33 (50) 104 (39)

Patient CMV serostatus

Positive 37 (56) 154 (58) 0.97

Negative 27 (41) 111 (42)

Unknown 2 (3) 1 (0)

Conditioning regimen

NMA-ATG 62 (94) 108 (41) <0.001

NMA+ATG - 51 (19)

MA 4 (6) 107 (40)

Matchgrade dominant UCB (out of 10)

10/10 - 18 (8) 0.05

9/10 2 (3) 18 (8)

8/10 13 (21) 43 (19)

7/10 16 (25) 50 (22)

6/10 20 (32) 43 (19)

≤5/10 12 (18) 51 (23)

Table 1: baseline characteristics. HC: Hypothesis-generating cohort. VC: validation cohort. ALL: acute lymphoblas-
tic leukemia, AML: acute myeloid leukemia, CLL: chronic lymphocytic leukemia, CML: chronic myeloid leukemia, 
NHL: non-Hodgkin lymphoma, HL: Hodgkins lymphoma, MDS: myelodysplastic syndrome, MM: multiple myelo-
ma, MPD: myeloproliferative disorder, PLL: prolymfocytic leukemia, (V)SAA: (very) severe aplastic anemia. NMA: 
non-myeloablative: consisting of fludarabin, cyclophosphamide, and TBI. MA: myeloablative: consisting of either 
fludarabin, cyclophosphamide, and TBI; carmustine, etoposide, and cycophosphamide; or busulfan, fludarabin, 
and melphalan. ATG: anti-thymocyte globulin. Differences between the HC and VC were tested with chi-square for 
categorical variables and students T-test for the continuous variable age.
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In the HC, high PIRCHE-I correlated with a reduced progression risk compared to low 
(HR 0.33, 95%-CI 0.09-1.19, p=0.09, Table 3). Despite the heterogeneity in the type of hema-
tological malignancies, the VC confirmed a reduced progression rate in the presence of high 
PIRCHE-I (HR 0.48, 95%-CI 0.28-0.85, p=0.01, Table 3, Figure 1). The size of the VC allowed 
also to selectively study the impact of PIRCHE-I on progression of acute leukemia; again high 
PIRCHE-I progressed significantly less than low (HR 0.40, 95%-CI 0.19-0.84, p=0.02). Thus, 
these two independent cohorts suggest a control of hematological malignancies by CD8+ T 
cells through the recognition of PIRCHE-I. 

PIRCHE-II relates to cGVHD 
The positive anti-tumor effect of PIRCHE may be counterbalanced by an increase in the 
GVHD risk. We therefore next studied the effects of PIRCHE on acute and chronic GVHD. 
In the HC, high PIRCHE-II correlated with an increased hazard of cGVHD when compared 
to low (HR 3.81, 95%-CI 1.19-12.17, p=0.02, Table 3), while PIRCHE-I did not. Despite a 
substantial lower probability of cGVHD in the VC compared to the HC (24% vs. 47%), a 
similar trend was still observed for both intermediate and high PIRCHE-II being correlated 
to an increased cGVHD risk (HR 1.70, 95%-CI 0.89-3.25, p=0.11; and HR 1.76, 95%-CI 0.93-
3.32, p=0.08, Table 3). As in the VC intermediate and high PIRCHE-II have similar cGVHD 
incidences (data not shown), these groups were combined into one group of higher PIRCHE-
II. Higher PIRCHE-II had an increased hazard of cGVHD compared to low (HR 1.72, 95%-CI 
0.98-3.05, p=0.06). In conclusion, PIRCHE-II may associate with cGVHD rates. 

Results
PIRCHE-I enhances the GVT effect
Indirect recognition of the patient’s mismatched HLA by T cells of the dominant UCB may 
play a role in the control of hematological malignancies. As PIRCHE predict the likelihood 
of T-cell recognition, we hypothesized that patients with higher PIRCHE had a reduced 
probability of progression; this hypothesis was generated in a Dutch HC and validated in a 
VC from Minnesota (Table 1). Patients were divided in three equal-sized groups (tertiles), 
based on the observed distribution of numbers of PIRCHE in the HC and thus independent 
of clinical outcome (low, intermediate, and high, Table 2). These three groups provided the 
opportunity to study a potential dose-dependent effect of PIRCHE. Baseline characteristics 
of the three groups of PIRCHE did not significantly differ. 

HC, N(%) VC, N(%)

PIRCHE-I low (<7) 20 (32) 122 (46)

PIRCHE-I intermediate (7-12) 24 (38) 62 (23)

PIRCHE-I high (>12) 19 (30) 82 (31)

PIRCHE-II low (<20) 21 (33) 102 (38)

PIRCHE-II intermediate (20-35) 21 (33) 83 (31)

PIRCHE-II high (>35) 21 (33) 81 (31)

Table 2: PIRCHE distribution. HC: Hypothesis-generating cohort. 
VC: validation cohort. PIRCHE: Predicted Indirectly ReCognizable 
HLA Epitope. Patients were divided in three groups of PIRCHE-I 
and -II, based on the tertiles of the hypothesis-generating cohort. 
For the validation cohort, this yielded a distorted distribution, 
with the majority of patients in the low PIRCHE groups.
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Figure 1: Effect of PIRCHE-I groups on overall survival (A), relapse (B), and non-relapse mortality (C), in the valida-
tion cohort. Black lines indicate PIRCHE-I low, dashed lines indicate PIRCHE-I higher. Three year incidence estimates 
are displayed, ± standard error. Patients in the PIRCHE-I higher group have higher overall survival rates compared 
to PIRCHE-I low, due to reduced relapse without increased non-relapse mortality. HCT: hematopoietic cell trans-
plantation.

PIRCHE-based graft-versus-tumor effect may enhance survival
Low PIRCHE-I lead to an increased progression risk, whereas higher PIRCHE-II may associate 
with an increased cGVHD risk, suggesting that the most detrimental combination possible 
might be low PIRCHE-I and higher PIRCHE-II. The potential effect of such a detrimental 
combination on OS and PFS was studied in comparison to other potential combinations: low 
PIRCHE-I and -II; higher PIRCHE-I, low PIRCHE-II; and higher PIRCHE-I and -II. The HC did not 
allow studying the effect of these groups on survival due to the limited patient numbers, 
therefore, this analysis was selectively performed on the VC. The two combinations with 
higher PIRCHE-I clearly associated with a significantly better 3-year OS and PFS than the 
most detrimental combination, i.e. low PIRCHE-I, higher PIRCHE-II (Table 4). As both groups 
with higher PIRCHE-I have improved OS and PFS, the PIRCHE-I anti-tumor potential seems to 
impact survival mostly. Indeed, patients with higher PIRCHE-I have improved survival rates 
compared to patients with low PIRCHE-I (OS: HR 0.73, 95%-CI 0.52-1.04, p=0.08; PFS: 0.68, 
95%-CI 0.49-0.94, p=0.02, Figure 1). The PIRCHE-I higher group does not have an increased 
risk of NRM (HR 0.71, 95%-CI 0.44-1.15, p=0.16, Figure 1). To conclude, the augmented 
GVT effect of PIRCHE-I impacts survival after dUCBT, without resulting in higher detrimental 
GVHD and NRM risks.

Table 3 (previous page): Association of PIRCHE with clinical outcome of HCT. HC: Hypothesis-generating cohort. 
VC: validation cohort. PIRCHE: Predicted Indirectly ReCognizable HLA Epitope. 1: models were corrected for: pri-
mary disease, conditioning, CMV status in hypothesis-generating cohort; conditioning, disease risk, matchgrade 
dominant UCB in validation cohort. 2: models were corrected for: matchgrade dominant UCB in hypothesis-gene-
rating cohort; conditioning, patient sex, matchgrade dominant UCB in validation cohort. 3: models were corrected 
for: conditioning in validation cohort. 4: models were corrected for: patient sex, sex mismatch, CMV status, HLA-ty-
ping predicted in hypothesis-generating cohort; acute GVHD, conditioning, patient age in validation cohort. High 
PIRCHE-I were associated with a desirable reduced relapse rate, whereas high PIRCHE-II was associated with the 
pathological GVHD.
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N per group N events (%) HR 95%-CI P

OS (1) Low PIRCHE-I, higher PIRCHE-II 54 32 (59) 1 (ref) 0.14

Low PIRCHE-I and -II 68 36 (53) 0.67 0.39-1.17 0.16

Higher PIRCHE-I, low PIRCHE-II 34 16 (47) 0.53 0.28-0.99 0.05

Higher PIRCHE-I and -II 110 51 (46) 0.62 0.40-0.99 0.04

PFS (2) Low PIRCHE-I, higher PIRCHE-II 54 36 (67) 1 (ref) 0.02

Low PIRCHE-I and -II 68 41 (60) 0.62 0.37-1.06 0.08

Higher PIRCHE-I, low PIRCHE-II 34 16 (47) 0.43 0.23-0.79 <0.01

Higher PIRCHE-I and -II 110 56 (51) 0.57 0.37-0.88 0.01

Discussion
Alloreactivity after HLA-mismatched HCT has been mainly considered to be the result 
of direct recognition of an HLA-molecule by a given TCR (19, 20). Our data suggest that 
indirect recognition of mismatched HLA plays a significant additional role in mismatched 
transplantation. Indirectly recognized HLA-mismatches, as predicted with the novel 
computational PIRCHE strategy, associated with anti-tumor potential: a higher number 
of HLA class-I presented PIRCHE correlated with control of the hematological malignancy, 
resulting in improved PFS and OS, without leading to an increased risk of GVHD and NRM. 
Collectively, these data suggest that a priori consideration of the numbers of PIRCHE-I 
and -II in UCB selection might allow separation of the GVT potential and GVHD risk of HLA 
mismatches. Such an approach may improve survival of patients after UCBT. 

High PIRCHE-I were associated with a reduced progression risk in both cohorts. This 
observation implies an important role for CD8+ T cells in the GVT effect, which is in line with 
cumulative evidence regarding the therapeutic effect of anti-tumor specific CD8+ T cells 
after HCT (21-23).  With respect to detrimental GVH alloreactivity, our data suggest an asso-
ciation between PIRCHE-II and cGVHD, supporting a role for donor CD4+ T cells recognizing 
host tissue, in accordance with the established crucial role of CD4+ T cells in the develop-
ment of cGVHD (24, 25). Moreover, these data add to previous suggestions that HLA class II 
is abundantly expressed on host tissue (26). The initial observation in the HC that PIRCHE-II 
correlated to cGVHD, led to only a trend in the VC, which is likely the result of the two-fold 
reduced incidence of cGVHD in the VC as compared to the HC. Although the PIRCHE results 
confirm previous results with regard to the T-cell subsets that are involved in either GVT or 
GVHD responses, the presence of indirectly recognizing T cells has thus far not been thor-
oughly investigated in the context of HCT. Nevertheless, such T cells have been detected in 
one patient after donor lymphocyte infusion (10), and prior to acute and chronic solid organ 
graft rejection (11-13), hence they can be activated upon HLA-mismatched transplantation. 
Our data advocate in vitro studies of alloreactive T cells recognizing HLA-derived peptides in 
the context of GVT and GVHD after allo-HCT.

Previous reports investigating PIRCHE in the setting of adult URD-HCT, showed a cor-
relation between aGVHD and PIRCHE-I and -II (14, 15). In contrast, our dUCBT data spe-

Table 4: Association of PIRCHE selection-criteria with survival, in the validation cohort. 1: model was corrected 
for: CMV status, primary disease, disease risk, matchgrade dominant UCB. 2: model was corrected for: age, CMV 
status, matchgrade dominant UCB. The reference group is low PIRCHE-I and higher PIRCHE-II. Patients with higher 
PIRCHE-I, irrespective of the PIRCHE-II status, had significantly improved 3-year PFS and OS compared to patients 
with low PIRCHE-I and higher PIRCHE-II. OS: overall survival. PFS: progression-free survival. UCB: umbilical cord 
blood.
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cifically indicate that patients with higher PIRCHE-I had significantly improved OS and PFS 
compared to patients transplanted with low PIRCHE-I, due to a reduced progression risk. 
These opposing observations between the two stem-cell sources might partially reflect the 
different cellular composition of and immunological reconstitution after UCBT as compared 
to URD transplantation (27); as for example UCB is more naïve, and regulatory T cells, poten-
tial dissectors of GVT and GVHD effects, are preferentially induced upon UCBT (28). In addi-
tion, the data add to previous observations that HLA-mismatches have increased anti-tumor 
potential in UCBT (2-5), whereas HLA-mismatches are mostly associated with GVHD risk in 
adult URD-HCT (29, 30). Thus, PIRCHE-segregating of GVT potential from GVHD risk in the 
context of UCBT in contrast to URD-HCT, is in line with the disparities between the two cell 
sources with respect to clinical outcome, and warrants further investigation of the different 
immunological mechanisms responsible.

PIRCHE may provide a part of the rationale as to why HLA mismatches are associated 
with GVT effects after UCBT. In multiple studies, HLA mismatches were correlated to reduced 
progression rates after UCBT (2-7), resulting in improved PFS (6). In the present study, high 
PIRCHE-I correlated to reduced progression risk, suggesting that HLA mismatches providing 
high numbers of potential CD8+ T-cell epitopes through PIRCHE-I, may lead to GVT effects. 
Thereby, our results would compare well to previous observations of anti-tumor potential of 
HLA mismatches, possibly as a consequence of indirect recognition by CD8+ T cells.

The level of HLA class-I mismatching as such may independently be correlated to GVT 
potential as well, as this level may predict the probability of direct recognition by CD8+ T 
cells. However, when we studied the level of mismatching for HLA class I and II separately, 
only HLA class-II mismatches were significantly associated to reduced progression rates and 
improved PFS, whereas HLA class-I mismatches were not (data not shown). These results 
suggest that HLA class-II mismatches can produce PIRCHE-I, thereby activating indirectly rec-
ognizing tumor-reactive CD8+ T cells, whereas direct recognition of HLA class-I mismatches 
may not be involved in this process. Moreover, these results may provide an explanation for 
the anti-tumor potential of PIRCHE-I, as the expression levels of PIRCHE-I derived from HLA 
class-II mismatches, are likely higher on hematological tumor cells compared to host tissue, 
thereby directing the alloreactivity of CD8+ T cells to the tumor cells.

To conclude, our study is the first to show that the recognition of HLA-derived peptides 
by donor T cells may play a role in the GVT effect after dUCBT. In two independent cohorts, 
PIRCHE-I are clearly associated with GVT effects, while they did not contribute to increased 
GVHD risks. Thus, PIRCHE might be a novel and unique tool to dissect the GVT potential and 
GVHD risk and therefore need to be prospectively studied for the possibility of substantially 
improving donor selection.
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Abstract
Predicted indirectly recognizable HLA epitopes (PIRCHE) theoretically predict donor T-cell
recognition of mismatched-HLA derived peptides following allogeneic hematopoietic stem-
cell transplantation (allo-HSCT), as is evidenced by the correlation between presence of HLA-
DPB1 derived PIRCHE and acute graft-versus-host disease (GVHD). Complete donor T-cell 
chimerism (CC) is associated with an increased GVHD risk compared to mixed patient and 
donor chimerism (MC). The effect of potential donor T-cell epitopes on GVHD development,
may be best distinguishable in CC. This study was initiated to investigate whether the effect
of PIRCHE is different in patients with CC compared to those with MC. Indeed, the correlation 
between PIRCHE and GVHD is present in patients with CC, whereas it is absent in those with 
MC. The data presented here suggest that chimerism status is important for the detection 
of potential GVHD epitopes, and add to previous evidence that PIRCHE recognition by donor 
T cells induces GVHD.
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To the editor
Human leukocyte antigen (HLA) mismatches are an important risk factor for the 
development of graft-versus-host disease (GVHD) following allogeneic hematopoietic 
stem-cell transplantation (allo-HSCT) (1). GVHD is induced by alloreactive donor T cells 
that recognize genetically disparate patient tissue (2). HLA mismatches are the single most 
important genetic difference leading to GVHD (3). HLA mismatches can be recognized by 
the donor T cells via, amongst other routes, so-called indirect recognition. During indirect 
recognition, the donor T cells recognize mismatched-HLA derived peptides that are different 
from self peptides. The probability of indirect T-cell recognition of HLA mismatches can be 
predicted by calculating the numbers of Predicted Indirectly ReCognizable HLA Epitopes 
(PIRCHE) (4-6). The number of PIRCHE equals the number of HLA-derived T-cell epitopes, 
and higher numbers of PIRCHE presented by HLA class-I or -II (PIRCHE-I or -II) are clearly 
correlated to acute GVHD development (5, 6). 

The presence of a vast majority of donor T cells in the patient’s hematopoietic system 
is a significant predictor for acute GVHD, thereby underlining the essential role of alloanti-
gen-specific donor T cells in the induction of GVHD. The descent (donor or patient) of the re-
constituting hematopoietic system after allo-HSCT can be quantified via chimerism analyses. 
In chimerism analyses, complete donor chimerism (CC) is defined as 100% of hematopoietic 
cells derived from the donor, whereas mixed chimerism (MC) indicates that both patient 
and donor signals are detectable (7). The degree of donor T-cell chimerism rapidly increases 
during acute GVHD (8), and CC in the T-cell compartment significantly predicts acute GVHD 
(9, 10). Thus, although acute GVHD can develop in a state of MC (8), the risk of GVHD is 
increased in patients with CC. 

As complete donor T-cell chimerism associates with GVHD, the effect of potential do-
nor T-cell epitopes on GVHD development, is likely most profound during CC. In that respect, 
the correlation between PIRCHE, being potential donor T-cell epitopes, and GVHD may be 
most prominent in patients with CC after allo-HSCT. To investigate this hypothesis, we retro-
spectively studied a cohort in which previously a correlation was shown between the pres-
ence of HLA-DPB1-derived PIRCHE and acute GVHD (6). 

Detailed clinical characteristics of the study cohort and of the PIRCHE method were 
described elsewhere (6). From the previously studied cohort, chimerism data could be an-
alyzed for 73 patients, with a median age of 56 years (range 31-70), of which the majority 
was male (N=50, 68.5%). Diagnostic chimerism analyses were based on short-tandem re-
peat polymerase chain reactions on T cells separated from peripheral blood by automated 
magnetic cell sorting (Auto-MACS, Miltenyi Biotec, Bergisch Gladbach, Germany) (11). CC 
was defined as 100% donor signal on all time-points measured, MC was defined as >1% of 
patient and donor signal (11). Chimerism was measured a median of 2 times (range 1-12 
measurements), starting at a median of 29 days post-HSCT (range 12-91 days). The majority 
of first chimerism measurements was performed prior to onset of GVHD (N=62, 85%). Of 
the total of 73 patients analyzed, 36 (49%) displayed CC and 37 (51%) MC.

To study the correlation between chimerism status and PIRCHE effects, patients were 
stratified according to chimerism status. Patients with CC that developed grade II-IV acute 
GVHD, had significantly higher numbers of PIRCHE-I and -II when compared to those with 
grade 0-I acute GVHD (Mann-Whitney U test, p=0.008, and p=0.036, for PIRCHE-I and -II, 
respectively, Figure 1). In patients with MC, PIRCHE numbers did not differ between patients 
with grade II-IV acute GVHD versus those with grade 0-I acute GVHD (p=0.774, and p=0.639 



CHAPTER 8

124

for PIRCHE-I and -II, respectively, Figure 1). 
We previously showed a clear correlation between the presence of PIRCHE and acute 

GVHD development (6). In the present study, we stratified according to chimerism and then 
studied the effect of PIRCHE presence on GVHD development. Of the patients with CC, 17 
(47%) had PIRCHE-I, and 24 (36%) had PIRCHE-II. In patients with MC, 27 (73%) had PIRCHE-I 
and 30 (81%) PIRCHE-II. In patients with CC, the presence of PIRCHE-I was associated to a 
higher GVHD incidence (59% versus 5%, for presence or absence of PIRCHE-I, respectively, 
log-rank test p=0.024), whereas this association was absent in patients with MC (48% versus 
30%, p=0.359). A similar, although less striking, difference was found for PIRCHE-II (33% ver-
sus 0%, p=0.029; and 50% versus 24%, p=0.092; for presence or absence of PIRCHE-II in CC 
and MC). Thus, when reanalyzing the previous findings that patients with acute GVHD have 
higher numbers of PIRCHE and that the presence of PIRCHE is associated with acute GVHD 
development (6), these correlations were only present in those with CC and absent in those 
with MC, suggesting that stable engraftment of donor cells is required for PIRCHE-induced 
GVHD.

We observed a clear concordance of PIRCHE with acute GVHD in patients with CC, but 
not in patients with MC. This observation suggests that PIRCHE recognition mainly plays a 
role in situations with 100% donor T cells in the hematopoietic system. The definition of 
complete donor chimerism as 100% donor cells on all measured time points, is a guideline 
definition (7), although literature also describes >90% or >95% donor cells as CC (11-13). 
The percentage of 100% donor signal and the fact that this should be detectable on all mea-
sured time points, to establish a PIRCHE effect, can be debated; during 90% or 95% donor 
chimerism, donor cells also clearly dominate the hematopoietic system. The PIRCHE effect 
may well be a dose- and time-dependent phenomenon. Larger prospective studies with 
chimerism percentages as a continuous variable and measurements on predefined time 
points should be executed to further establish the required percentage of donor cells for 
the PIRCHE effect. 

Graft-versus-host (GVH) directed alloreactivity not only leads to GVHD, but may also 
substantiate donor engraftment by the elimination of patient lymphoid cells (14). Since the 
presence of PIRCHE correlates with GVH-directed alloreactivity, PIRCHE-recognition might 
also contribute to the elimination of patient cells. The success of this elimination can be 
studied by chimerism analyses, as in CC the elimination is more successful than in MC. Since 
GVH-PIRCHE indicate a higher probability of donor T-cell responses, we hypothesized that a 
higher number of GVH-directed PIRCHE associates with a greater probability of CC. 

Higher GVH-PIRCHE-I and -II did not significantly correlate to CC. However, a trend was 
observed that in patients with CC the numbers of GVH-PIRCHE-I were lower compared to 
patients with MC (p=0.088). In line with this, patients with GVH-PIRCHE-I had a significantly 
higher odds of MC compared to those without GVH-PIRCHE-I (OR 1.70, 95%-CI 1.07-2.68, 
p=0.025), an effect which was not present for GVH-PIRCHE-II (OR 1.42, 95%-CI 0.90-2.24, 
p=0.161).

In contrast to GVH-directed alloreactivity, HVG-directed alloreactivity would enable the 
patients residual T cells to prevent donor engraftment. We therefore next studied whether 
a higher number of HVG-directed PIRCHE is correlated to MC. There are some indications 
that HVG-PIRCHE-I correlate with MC, as in patients with MC the numbers of HVG-PIRCHE-I 
were higher than in those with CC (p=0.006). Moreover, patients with HVG-PIRCHE-I had a 
significantly higher odds of MC compared to patients without HVG-PIRCHE-I (OR 1.80, 95%-
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CI 1.14-2.83, p=0.012), an effect which was not present for HVG-PIRCHE-II (OR 1.32, 95%-CI 
0.83-2.11, p=0.262). To summarize, higher GVH-directed PIRCHE-I inversely associate with 
CC, whereas higher HVG-directed PIRCHE-I potentially associate with MC.

The interpretation of the independent effects of GVH- and HVG-PIRCHE-I on chimerism 
status is difficult, as the majority of patients with GVH-PIRCHE-I also have HVG-PIRCHE-I 
(N=30, 68%). The counterintuitive results of GVH-PIRCHE-I being correlated to MC, may 
hence be explained by the correlation between GVH- and HVG-PIRCHE-I presence. None-
theless, the significant correlation of HVG-PIRCHE-I with MC suggests that residual patient T 
cells recognize the donor cells, thereby preventing complete donor engraftment. 

To conclude, this study was initiated to investigate whether the effect of PIRCHE on 
GVHD is dependent on donor T cells as reflected by the chimerism status. Indeed, PIRCHE 
appeared to be highly correlated to acute GVHD in patients with CC, but not in those with 
MC. Thus, our data support a role for the donor hematopoietic system in PIRCHE-reactivity, 
substantially endorsing the hypothesis that donor cells, most likely T cells, can recognize 
PIRCHE. Our data provide a step forward in understanding the effect of PIRCHE on GVHD 
after HLA-mismatched HSCT.
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Figure 1: PIRCHE numbers by acute GVHD development for patients with complete donor chimerism (left panels) 
and with mixed chimerism (right panels). Box and whisker plots: boxes represent the 25-75th percentiles, horizon-
tal lines the median, whiskers the 5-95th percentiles and dots the outliers. Patients with complete chimerism (left 
panels) had significantly more PIRCHE-I and -II when they developed grade II-IV acute GVHD (PIRCHE-I: median 2, 
range 0-6, PIRCHE-II: median 7, range 1-11) compared to patients with no or grade I acute GVHD (PIRCHE-I: median 
0, range 0-3, PIRCHE-II: median 1, range 0-19). Patients with mixed chimerism (right panels) had similar numbers of 
PIRCHE-I and -II when they developed grade II-IV acute GVHD (PIRCHE-I: median 1, range 0-4, PIRCHE-II: median 3, 
range 0-10) compared to patients with no or grade I acute GVHD (PIRCHE-I: median 1, range 0-6, PIRCHE-II: median 
3, range 0-20). **: Mann-Whitney p<0.01, *: Mann-Whitney p<0.05. PIRCHE: predicted indirectly recognizable HLA 
epitope. GVHD: graft-versus-host disease.
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Abstract
Graft-versus-host disease (GVHD) remains an important complication after hematopoietic 
stem-cell transplantation (HSCT). Risk factors for GVHD include, but are not limited to, HLA 
mismatches, a female donor for a male recipient, and stem-cell source. We retrospectively 
analyzed if HLA- and sex-mismatching quantitatively affects the composition of GVHD-
induced cutaneous T-cell infiltrates. We quantified absolute numbers of CD4+ and CD8+ 
T cells present in tissue sections from skin biopsies derived from 23 pediatric HSCT-
recipients with histologically and clinically confirmed acute GVHD. Recipients receiving a 
sex-mismatched graft displayed an increased number of CD4+ T cells when compared to 
recipients of a graft from a sex-matched unrelated donor (either adult unrelated donor or 
cord blood) (p=0.01). The absolute numbers of skin-infiltrating T cells were increased in 
patients expressing T-cell epitopes derived from the recipient’s mismatched HLA molecules, 
so called predicted indirectly recognizable HLA epitopes (PIRCHE). The combined expression 
of HLA class I- or II-presented PIRCHE with a sex mismatch resulted in the highest number 
of skin-infiltrating T cells. Our results provide the first indication that an increased number 
of major (i.e. HLA) and minor (i.e. HY) histocompatibility antigen-derived T-cell epitopes 
expressed by the recipient but not by the donor, is associated with accumulation of CD4+ 
and CD8+ T cells in the skin. These observations may explain the pronounced effect of sex-
mismatching in HLA-mismatched transplants as evidenced by registry-based epidemiological 
studies.
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Introduction
Graft-versus-host disease (GVHD) remains a major limiting factor for successful allogeneic 
hematopoietic stem-cell transplantation (HSCT) (1). Risk factors for GVHD include, amongst 
others, stem-cell source, a sex-mismatch (female donor for male recipient), and HLA 
mismatches (2). The pathophysiological mechanisms via which these risk factors lead to 
GVHD, are poorly understood. 

GVHD evidently involves T-cell recognition of non-self antigens expressed by the cells 
of the recipient, as depletion of T cells from the graft reduces the development of GVHD 
(3). In general, HLA mismatches are the best established inducers of GVHD (4). HLA mis-
matches can be recognized by donor T cells in a direct or indirect manner. During direct 
recognition, the donor T cell recognizes the mismatched HLA protein expressed on the cell 
surface. During indirect recognition, the donor T cell recognizes peptides derived from the 
mismatched HLA protein presented on shared HLA molecules (5). In contrast to the poorly 
understood process of direct recognition, our group has recently proposed a method that 
can predict indirect recognition in silico, the PIRCHE method. The PIRCHE method predicts 
so called Predicted Indirectly ReCognizable HLA Epitopes (PIRCHE) (6). We have shown 
that the number of both HLA class-I (PIRCHE-I) as well as HLA class-II (PIRCHE-II) presented 
PIRCHE may be associated with the development of GVHD (7, 8). 

In addition to HLA mismatches, minor histocompatibility (H) antigens are a second 
class of allo-antigens which can lead to T-cell recognition in transplant settings (9). Mis-
matches for, in particular ubiquitously expressed, minor H antigens are well established in-
ducers of GVHD (10). Minor H mismatching occurs for example in sex-mismatched HSCT, 
when peptides derived from the Y chromosome (HY) presented by HLA of male recipient 
cells can be recognized by female donor T cells (11, 12). 

The relative contribution of donor CD4+ and CD8+ T cells in the development or sever-
ity of skin GVHD in relation to graft source is poorly understood, although the presence of 
both CD4+ and CD8+ T cells in cutaneous GVHD is well established (11, 13). We addressed 
this issue retrospectively by quantifying the absolute numbers of CD3+CD4+ and CD3+CD8+ 
T cells in GVHD skin sections in relation to graft source, i.e. HLA identical related donor (IRD) 
or adult matched unrelated donor (MUD) or unrelated cord blood (CB), and sex-mismatch-
ing.

Material and Methods
Biopsy selection
A total of 34 archival formalin-fixed paraffin embedded (FFPE) skin biopsies were selected  
for this study. Biopsies were obtained from pediatric recipients that underwent HSCT in 
the Willem-Alexander Children’s Hospital and in the Wilhelmina Children’s Hospital. All 
biopsies were collected for routine histopathological assessment of acute cutaneous GVHD 
and before the start of prednisone treatment. Histological assessment was performed on 
hematoxylin and eosin stained sections. Clinical GVHD was graded according Glucksberg 
criteria (14). For analysis of GVHD sections, only recipients with both histologically as well 
as clinically confirmed GVHD were included. 

Immunohistochemistry
FFPE sections (4 µm) were subjected to standard deparaffinization in xylol, rehydration, 
antigen retrieval in EDTA pH 8,0 buffer and overnight staining at room temperature 
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with primary CD3, CD4 and CD8 antibodies all appropriately diluted in PBS containing 
0.5% donkey serum. Antibodies used were CD3 rabbit IgG (clone A0452, Dako, Glostrup, 
Denmark), CD4 goat IgG (clone AF-379-NA, R&D Systems, Minneapolis, MN, USA) and CD8 
mouse IgG2b (clone NCL-CD8-4B11, Novocastra via Leica Biosystems, Nussloch, Germany). 
The subsequent day, sections where washed in PBS where after the following secondary 
antibodies were added: donkey-anti-rabbit (Alexa Fluor 546, A10040), donkey-anti-goat 
(Alexa Fluor 488, A-11055), and donkey-anti-mouse (Alexa Fluor 647, A-31571, all from Life 
Technologies Thermo Fischer Scientific, Waltham, MA, USA). 

Confocal laser microscopy
All sections were mounted with vectashield (Vector Laboratories) and analyzed on a LEICA 
TCS SP confocal laser scanning system (Leica Microsystems) using a 40x numerical aperture. 
Single color photographs were taken and combined to generate electronic overlays. For 
each recipient 7.5-29 photographs (mean 17) were scored for the presence of CD3+CD8+ 
and CD3+CD4+ T cells. Photographs were scored in a blinded fashion (i.e. researchers were 
unaware of the diagnosis or graft information at the time of counting) by two independent 
observers (KT and TdH). To account for inter-observer deviations, the average of the two 
scores was used for analyses. The scores of the two observers were compared and when 
the percentage of CD4+ or CD8+ T cells between the two scores deviated > 5%, sections 
were reanalyzed together until consensus was reached (three in total, of which two without 
GVHD, and one with histological confirmed GVHD). We restricted our analyses of GVHD 
sections to those with ten or more available photographs (N=23), to correct for differences 
in size of the sections and numbers of evaluable photographs. 

HLA typing
HLA typing was performed on high resolution (2-field) level for unrelated donor transplants 
(MUD or CB) for HLA-A, -B, -C, -DRB1, -DQB1, and -DPB1 in 13 (81%) of the cases. IRD trans-
plants were high-resolution typed for HLA-A, -B, -C, -DRB1, -DQB1 in 3 (43%) of cases. PIRCHE 
were predicted based on the available HLA typing as described previously (7, 8). The algo-
rithm used to determine PIRCHE values is available at www.pirche.org. HLA-A1, -A2, -A33, 
-B7, -B8, -B27, -B52, -B60, -DR15, -DRB3*03:01 (scored positive in case of DRB1*13:02), and 
-DQ5 were considered HY-presenting alleles (10).

Statistical analysis
Statistical analyses were performed in GraphPad Prism 5.00 (GaphPad Software, La Jolla, 
CA). Differences in number of CD4+ and CD8+ T cells in infiltrates were tested with Mann-
Whitney U Tests. P-values < 0.05 were considered significant.

Results 
We first determined whether the numbers of skin-infiltrating T cells, as exemplified in Figure 
1, differed between biopsies of recipients with or without histologically confirmed GVHD. 
As expected, both the number of skin-infiltrating CD4+ as well as the number of CD8+ T cells 
were higher in the histologically-confirmed GVHD infiltrates, as compared to tissue biopsies 
from recipients with skin inflammation due to other causes, for example herpes virus 
infection or a reaction to administered medicines (p<0.01 and p=0.07, for CD4+ and CD8+ T 
cells, respectively). The number of CD4+ and CD8+ T cells correlated to each other, meaning 

http://www.pirche.org
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that samples containing high numbers of CD4+ T cells also contained high numbers of CD8+ 
T cells (for patients without GVHD, the correlation between absolute numbers of CD4+ and 
CD8+ T cells was R2=0.83, p=0.06; and for patients with confirmed GVHD this correlation 
was R2=0.53, p=0.004). The observation that the number of T cells is higher in histologically-
confirmed GVHD, validates, in retrospect, the objectivity of the blinded scoring system.

The numbers of both CD4+ and CD8+ T cells varied considerably in histologically-con-
firmed GVHD biopsies (range of the mean of two independent observers CD4+: 9.5-495, 
CD8+: 2-1043). Given the substantial variation in absolute numbers of T cells present in the 
three different types of grafts used for HSCT (15, 16), we investigated whether donor type 
or graft source affected the number of skin-infiltrating T cells. Although skin tissue obtained 
after CB transplantation contained significantly higher numbers of CD4+ T cells compared 
to MUD transplantations (p=0.02), the numbers of CD8+ T cells in infiltrates of skin biopsies 
obtained after IRD, MUD or CB HSCT did not significantly differ (data not shown). 

As HLA-mismatches are clear inducers of GVHD, we hypothesized that a higher prob-
ability of indirect recognition of the HLA mismatch as predicted with the PIRCHE method, 
leads to a higher number of infiltrating T cells in HLA mismatched HSCT settings. Theoreti-
cally, a higher number of PIRCHE-I leads to CD8+ T cell induction whereas a higher number 
of PIRCHE-II leads to CD4+ T cell induction. The numbers of CD4+ and CD8+ T cells were ret-
rospectively analyzed in infiltrates of recipients receiving unrelated donor HSCT (MUD or CB, 
N=16) in correlation to the presence of either PIRCHE-I or PIRCHE-II. A trend was observed 
for an increased number of CD4+ T cells in the recipients with PIRCHE-II and an increased 
number of CD8+ T cells in the recipients with PIRCHE-I (Figure 2B, C).

We next investigated whether the number of CD4+ and CD8+ T cells differs when we 
compare skin biopsies obtained after sex-mismatched HSCT with biopsies obtained after 
sex-matched HSCT. When combining all donor sources, we did not observe a difference in 
CD4+ and CD8+ T-cell numbers in sex-mismatched HSCT with either an HLA class-I or -II 
HY-presenting allele versus sex-matched GVHD infiltrates (data not shown). 

Multiple studies have indicated that the negative impact of sex-mismatching may be 
more pronounced or even only present in recipients of (HLA-mismatched) unrelated grafts 
(10, 11). To investigate the effect of donor-recipient relationship alongside the sex-matching 
effect, analyses were stratified according to the relationship between the donor and recip-
ient (IRD compared to an unrelated donor), and again the sex-match effects were analyzed 
in recipients with HY-presenting HLA alleles. Indeed, an increased number of CD4+ T cells 
is present in the infiltrate of recipients receiving stem cells from an unrelated donor when 
comparing sex-mismatched versus sex-matched transplantations (Figure 2E). This effect is 
not present for the IRD transplants (data not shown).

As the risk of GVHD due to a sex-mismatch is most pronounced in HLA-mismatched 
transplantations, we hypothesized that the combination of a potential HY-epitope being 
presented next to a PIRCHE leads to a high number of T cells in the infiltrates. To study this 
hypothesis, the presence of the combination of PIRCHE and HY was compared with absence 
of PIRCHE and a sex-match in patients that had an HY-presenting allele. A clear increase in 
the number of CD4+ T cells in the PIRCHE-II and HY-presenting infiltrate, and CD8+ T cells 
in the PIRCHE-I and HY-presenting infiltrate was observed, compared to absence of PIRCHE 
and a sex-match (representative images in Figure 1). Note that the number of the sex-match 
PIRCHE-absent cases is rather low in this retrospective study set up (Figure 2G,H).
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Discussion
This study was initiated to improve our knowledge of the pathophysiological mechanisms 
leading to GVHD and to understand the frequently observed differential numbers of T 
cells in skin infiltrates of pediatric recipients after HSCT (11, 13). Our results generate the 
hypothesis that an increasing number of major (i.e. HLA) and minor (i.e. HY) histocompatibility 
antigen-derived T-cell epitopes expressed by recipient skin cells, may lead to increased 
accumulation of CD4+ and CD8+ T cells in the skin. These observations may explain the 
more pronounced effect of sex-mismatching in HLA-mismatched transplants. Noteworthy, 
due to the retrospective nature of this study, the status of matching of other minor H 
antigen mismatches was not established on forehand.

The influx of CD4+ (13) and CD8+ (11) T cells in pediatric skin during GVHD has been 
identified before. To the best of our knowledge, our study is the first that underlines the 
essential role of multiple epitopes attracting CD4+ and CD8+ T cells to the site of inflamma-
tion. Interestingly, CD4+ T cells seem to preferentially home to the dermis, whereas CD8+ 
T cells were also observed in the epidermal layer (Figure 1). We speculate that the CD4+ T 
cells first home to the skin, subsequently attracting CD8+ T cells, thereby inducing profound 
immune responses in the epidermis. Our results are in line with a previous observation that 
multiple epitopes derived from different antigens induce the cooperative response of CD4+ 
and CD8+ T cells resulting in GVHD (17).

Our observations need to be considered cautiously given the diversity in this recipient 
population considering underlying diseases, conditioning regimens and GVHD prophylax-
is, and, potentially consequently, the large variation in T-cell numbers observed (Table 1). 
Furthermore, the small sample size of the cohort did not allow multivariate analyses. On 
the opposite, this study is restricted to pediatric recipients, and can therefore be regarded 
as informative for this specific subgroup of recipients which is rarely studied separately. To 
substantiate the results presented in this hypothesis-generating study, studies should be 
conducted in larger and more homogenous study cohorts, allowing prospective stratifica-
tion for HY and including testing the role of other ubiquitously expressed minor H antigen 
mismatches. 

A
[40x]

B
[40x]

[40x]

Figure 1 (A) GVHD T-cellular skin infiltrate of a recipient transplanted with a sex-mismatched HLA-mismatched 
unrelated donor. (B) GVHD T-cellular skin infiltrate of a recipient after HLA mismatched but PIRCHE-II matched, 
sex-matched unrelated donor. Blue: CD8; Green: CD4; Red: CD3. In yellow CD4+ T cells, in pink CD8+ T cells. Repre-
sentative images of two sections displaying the significant differences in cellular infiltrates of the skin. The PIRCHE 
and HY-presenting skin section is dominated by high numbers of T cells whereas the PIRCHE and HY-matched skin 
section contains significantly less T cells. GVHD: graft-versus-host disease.
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Figure 2 (A) The number of CD4+ T cells according to PIRCHE-I presence. (B) The number of CD8+ T cells according 
to PIRCHE-I presence. (C) The number of CD4+ T cells according to PIRCHE-II presence. (D) The number of CD8+ T 
cells according to PIRCHE-II presence. (E) The number of CD4+ T cells according to sex-match status. (F) The num-
ber of CD8+ T cells according to sex-match status. (G) The number of CD4+ T cells according to sex-match status 
and PIRCHE-II presence. (H) The number of CD8+ T cells according to sex-match status and PIRCHE-I presence. 
There were 2 recipients without PIRCHE-I or -II, and 14 with PIRCHE-I or -II. From the unrelated donor recipients 
with an HY-presenting allele, 9 were a sex-match and 5 a sex-mismatch. The presence of a PIRCHE-II mismatch as-
sociates with an increased number of CD4+ T cells whereas the presence of a PIRCHE-I mismatch associates with an 
increased number of CD8+ T cells. Recipients after sex-mismatched transplantation have a significantly increased 
number of CD4+ T cells in their cutaneous graft-versus-host disease infiltrate. The number of T cells appears to be 
highest in case of both a sex-mismatch and the presence of PIRCHE.
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Allogeneic hematopoietic cell transplantation (allo-HCT) with an HLA-mismatched donor 
leads to an increased risk of alloreactivity and reduced survival compared to HCT with HLA-
matched donors. However, for many patients, a completely HLA-matched donor is hard to 
find due to the enormous polymorphic repertoire of HLA, and therefore HLA-mismatched 
donors are frequently selected. In these situations, criteria to select the “best” mismatched 
donor were poorly defined. The aim of this thesis was to develop a predictive method 
for permissible HLA mismatches. The constructed Predicted Indirectly ReCognizable HLA 
Epitope (PIRCHE) model is a computational method that predicts the probability of indirect 
T-cell recognition for all potential HLA-mismatch combinations.

To determine whether PIRCHE can aid in defining permissible HLA mismatches, a large 
cohort of patients transplanted with a single HLA-mismatched (9/10) adult unrelated donor 
(URD) was studied (Chapter 3). The patients were divided in different PIRCHE groups and the 
clinical outcome of these groups was compared to HLA-matched (10/10) HCT. Patients in the 
lowest tertiles of PIRCHE-I and -II had comparable clinical outcome as patients transplanted 
with an HLA-matched URD. Patients with higher PIRCHE-I or -II numbers had significantly 
impaired overall survival (OS) compared to 10/10-matched transplantations. These higher 
PIRCHE-I or -II HLA-mismatches were designated as non-permissible mismatches, and the 
mismatches resulting in low PIRCHE-I and -II were designated permissible. Non-permissible 
PIRCHE mismatches were associated with an increased probability of acute graft-versus-
host disease (GVHD) and non-relapse mortality (NRM), whereas permissible PIRCHE mis-
matches were not associated to GVHD and NRM. The reduced toxicity rate of permissible 
PIRCHE mismatches was not counterbalanced by an increased probability of relapse. This 
chapter indicates that HLA-mismatched URD selection can be improved by selecting HLA 
mismatches resulting in low PIRCHE-I and -II. 

The effect of HLA-DPB1 derived PIRCHE was compared to HLA-DPB1 mismatches des-
ignated as (non-)permissive by a classical direct recognition model, the T-cell epitope model 
(Chapter 4). In 10/10-matched, HLA-DPB1-mismatched URD-HCT, the presence of PIRCHE-I 
and -II led to an increased acute GVHD risk. The presence of HLA-DPB1 derived PIRCHE-I dif-
ferentiates high and low risk individuals within the group of mismatches that was identified 
as permissive by the direct recognition model. PIRCHE were not significantly associated with 
other clinical outcomes in this cohort. Based on the reduced GVHD risk, these data again 
advocate selection of URDs with low PIRCHE-I and -II. 

PIRCHE may explain the unresolved issue of immunogenic antigenic HLA-C mismatches 
(Chapter 5). HLA-C is often the mismatched locus in 9/10 URD-HCT, due to current donor 
typing procedures. A number of studies have shown that HLA-C antigenic mismatches are 
correlated to increased GVHD risks, whereas HLA-C allelic mismatches are not. In a small 
study group, the numbers of PIRCHE that could be presented from an HLA-C antigenic mis-
match were significantly higher than those from an allelic mismatch. A theoretical analysis 
showed that for some patients transplanted with an HLA-C mismatch, an HLA-B mismatched 
donor may be a very valid alternative, as the latter mismatches can lead to a lower number 
of PIRCHE compared to HLA-C mismatches. These data suggest that the PIRCHE model may 
aid in the identification of the locus to mismatch for during selection of HLA-mismatched 
donors.

Cord blood (CB) derived hematopoietic cells serve as an alternative cell source for al-
lo-HCT. CB appears to be more tolerant for HLA mismatches, resulting in reduced GVHD risks 
compared to URD-HCT, and CB may have an improved graft-versus-tumor (GVT) effect. To 
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study the effect of PIRCHE in CB-HCT, a cohort of pediatric patients transplanted with unre-
lated CB for various diseases was analyzed (Chapter 6). In this group, PIRCHE-I had a specific 
anti-leukemic effect: patients receiving CB-HCT had a highly reduced relapse risk when the 
numbers of PIRCHE-I were high. PIRCHE numbers were not associated to other clinical out-
comes, indicating that for CB-HCT in case of a malignancy, selecting donors based on high 
numbers of PIRCHE-I may improve the anti-tumor potential. 

One unit of CB does not contain enough cells for heavier patients, and older children 
and adults are therefore frequently transplanted with two units of CB. The effect of PIRCHE 
on such double unit CB-HCT was studied in two independent cohorts (Chapter 7). This study 
showed not only a confirmation of the GVT effect of high PIRCHE-I, but also a trend for high 
PIRCHE-II being associated to an increased chronic GVHD risk. This indicates that GVT and 
GVHD effects in these patients can potentially be dissected based upon PIRCHE; it seems 
preferable to select donors with high PIRCHE-I and low PIRCHE-II for patients with a ma-
lignancy. Indeed, in a large cohort of patients transplanted for a hematological malignancy 
with two units of CB, patients with higher PIRCHE-I and low PIRCHE-II had better OS com-
pared to patients with low PIRCHE-I and higher PIRCHE-II.

The PIRCHE model is based upon the concept of donor T-cell recognition of patient 
mismatched HLA. To study the dependence of the PIRCHE effect on the presence of these 
donor T cells, the relationship between chimeric status and PIRCHE-induced effects was 
analyzed (Chapter 8). The correlation between HLA-DPB1 derived PIRCHE and acute GVHD 
after adult URD-HCT, was only present in patients that had reached complete donor T-cell 
chimerism in their peripheral blood, whereas the correlation between PIRCHE and GVHD 
was not found in those with mixed donor-patient chimerism. The results from this study 
indicate that complete donor engraftment is essential for PIRCHE-induced T-cell activation. 

The presentation of T-cell epitopes such as PIRCHE may lead to T-cell infiltration in 
the skin during GVHD. In line with this, pediatric patients with PIRCHE-I or -II had higher 
numbers of T cells in their cutaneous acute GVHD infiltrates than patients without PIRCHE 
(Chapter 9). The numbers of CD4+ and CD8+ T cells in skin tissue sections were furthermore 
correlated to other donor characteristics: after CB-HCT, patients had more CD4+ T cells in 
their infiltrates; after a sex-mismatched HCT, CD4+ T cells dominated the infiltrate; and last-
ly, the combination of a sex- and PIRCHE-mismatch resulted in the highest number of T cells 
in infiltrates. This chapter therefore suggests that a higher number of epitopes, i.e. PIRCHE 
and minor histocompatibility antigens, attracts more T cells to the skin during acute GVHD. 

In summary, the PIRCHE model was investigated in a number of different HCT strat-
egies. For patients transplanted with hematopoietic cells harvested from the bone mar-
row or peripheral blood of adult URDs, low numbers of PIRCHE-I and -II consistently led 
to reduced alloreactivity risks compared to higher numbers of PIRCHE (Chapter 3-5). Pa-
tients transplanted with CB, had significantly improved GVT responses when the number of 
PIRCHE-I was high (Chapter 6-7). Finally, the presence of donor cells in the peripheral blood 
of patients after allo-HCT was required for the PIRCHE effect (Chapter 8) and patients with 
PIRCHE had higher numbers of T cells in their cutaneous acute GVHD infiltrates (Chapter 9). 
In conclusion, PIRCHE were clearly correlated to clinical alloreactivity after different types of 
HLA-mismatched HCT.
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This thesis describes a potential novel method to identify permissible HLA mismatches, 
that can be used in donor-selection procedures for allogeneic hematopoietic cell 
transplantation (allo-HCT). The method described in this thesis is based upon the concept 
of indirect T-cell recognition of mismatched HLA: the process whereby the donor T cell 
recognizes polymorphic peptides derived from the mismatched HLA. The developed 
Predicted Indirectly ReCognizable HLA Epitope (PIRCHE) model was investigated in both 
adult unrelated donor (URD) HCT as well as cord blood (CB) HCT. PIRCHE had distinct effects 
in different HCT settings: in URD-HCT, low numbers of PIRCHE-I and -II were correlated to 
reduced graft-versus-host disease (GVHD) rates and subsequently to reduced (transplant-
related) mortality risks, without an accompanying increased relapse risk (Chapter 3-5). 
After CB-HCT, however, high numbers of PIRCHE-I led to increased anti-tumor responses, 
whereas low numbers of PIRCHE-II were potentially associated to reduced chronic GVHD 
risks (Chapter 6, 7). Potential explanations for these distinct PIRCHE effects related to the 
cell source will be discussed below. In addition, the implications of these distinct effects on 
donor-selection will be discussed and last, the future directions of PIRCHE will be addressed.

Differential effect of PIRCHE in different HCT settings
The different PIRCHE effects in the two HCT settings may be explained by the distinctive 
compositions of either adult or CB HC. First of all, CB is, from an immunological point of 
view, very naïve, as the immune system has not yet been exposed to antigens. Despite 
this naivety, CB cells have excellent antiviral capacity (1), indicating that there is potential 
to induce specific immune responses. Next to the naivety of the CB graft, CBs are also well 
known for their capability of regulatory-T cell (Treg) induction upon immune activation (2), 
which is likely the result of the required tolerant state during pregnancy (3). Furthermore, 
T cells of adults and fetuses exhibit distinct gene-expression profiles (4), indicating that 
adult and CB T cells have different developmental potential. Last, T-cell reconstitution 
differs after adult URD- versus CB-HCT. After adult URD-HCT the early reconstitution phase 
is dominated by CD8+ T cells, whereas after CB-HCT there is a marked early increase in 
CD4+ T cells, despite the fact that in general CB-derived CD4+ and CD8+ T cells regenerate 
faster (1). Thus, the naivety of the graft, the specific induction of Tregs, the distinct gene-
expression profiles and the difference in reconstituting potential may all partly explain the 
differences in PIRCHE effects observed after adult URD- and CB-HCT. For all these factors, 
we have found some indications of their correlation with cell source-related PIRCHE effects.

First, the naivety of CB as compared to the antigen-experienced adult URDs, may lead 
to a different probability of direct recognition of mismatched HLA. Direct recognition refers 
to the process whereby the donor T cell recognizes the intact mismatched-HLA protein on 
the cell surface presenting a certain peptide, as foreign. Directly recognizing memory-T cells 
have been studied extensively, resulting in some established knowledge (Chapter 2, and 
(5-7)): many virus-specific T cells show cross-reactivity towards allogeneic HLA; some virus-
es induce public T-cell responses (i.e. similar T-cell repertoires dominating the immune re-
sponses of multiple individuals); and some of these public responses show predictable HLA 
cross-reactivity. Allo-HCT with cells from antigen-experienced adult donors, will presumably 
result in rapid T-cell activation through direct recognition by virus-specific memory-T cells. 
This activation of directly recognizing T cells may cause a pro-inflammatory condition, that 
potentiates indirectly recognizing T-cell responses. Thus, as the chance of direct recognition 
in URD-HCT is higher than after the naïve setting of CB-HCT, the directly recognizing T cells 
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may be involved in the development of PIRCHE-specific responses after URD-HCT, whereas 
this co-stimulatory activation of directly recognizing T cells may not be present in CB-HCT, 
resulting in a lower probability of PIRCHE-induced acute GVHD development in the latter 
setting.

Secondly, the absence of PIRCHE-induced acute GVHD development after CB-HCT 
might be the result of dampening of the T-cell responses by (antigen-specific) Tregs. Indeed, 
we have observed that patients with high PIRCHE-II had more Tregs (CD4+FoxP3+) early 
after CB-HCT compared to patients with lower PIRCHE-II (unpublished observations). This 
potential relation between Treg and PIRCHE numbers may suggest that transplantation with 
CB recognizing many PIRCHE, leads to an induction of Tregs, potentially suppressing the 
activation of T cells that could otherwise have driven acute GVHD development. As after 
CB-HCT, PIRCHE-I clearly have anti-tumor potential, this Treg suppression likely takes place 
locally. Identifying PIRCHE-specific T cells after different types of HCT could help elucidate 
the phenotypes and local effects of PIRCHE-activated T cells.

Last, the fact that the early immune reconstituting phase after adult URD-HCT is dom-
inated by CD8+ T cells, is in agreement with the clear effects of PIRCHE-I on acute GVHD in 
adult URD-HCT; whereas the domination of CD4+ T cells after CB-HCT, may explain the effect 
of PIRCHE-II on chronic GVHD after CB-HCT. Moreover, we have identified more CD4+ T cells 
in cutaneous GVHD infiltrates of patients after CB-HCT compared to URD-HCT (Chapter 9), 
in line with the CD4+ dominated T-cell reconstitution after CB-HCT as well. The cause of 
this differential reconstitution is not established, but it is possibly related to the different 
ontological qualities of URD and CB T cells (1). Thus, although the reasons for the differen-
tial T-cell subset reconstitution after different types of HCT are not known, they do relate to 
our findings of the effects of PIRCHE-I and -II on outcomes after different types of allo-HCT.

PIRCHE and tumor-specificity
The distinctive PIRCHE anti-tumor effect in relation to the HC source, i.e. PIRCHE-I 
association with a GVT effect after CB-HCT only, is in accordance with results regarding the 
effects of HLA mismatches on HCT outcomes. In adult URD-HCT, HLA mismatches are often 
not associated to relapse risk (8, 9), whereas it is well established that after CB-HCT, HLA 
mismatches induce anti-tumor responses (10-13). In addition, it has been suggested that 
the general anti-tumor effect of allo-HCT is less pronounced after adult URD-HCT than after 
CB-HCT (14), potentially because CB-HCT considers a higher level of HLA mismatching than 
URD-HCT. The variation between anti-tumor potential of HLA mismatches in different cell 
sources is poorly understood, but PIRCHE may provide a first step forward in understanding 
this aspect. 

The GVT potential of PIRCHE in CB-HCT was restricted to PIRCHE-I (Chapter 6, 7), indi-
cating that CD8+ T cells recognize epitopes presented on HLA class I by the tumor cells. Al-
though HLA class I is expressed on virtually all nucleated cells (15), in CB-HCT, PIRCHE-I were 
not associated to GVHD. On the other hand, HLA class II is mainly expressed on hematolog-
ical (tumor) cells (15), as these cells function as professional antigen presenting cells. One 
may therefore expect that HLA class II would be specifically involved in the anti-leukemia 
responses during HLA-mismatched HCT: this involvement could be demonstrated through 
anti-tumor responses via either direct or indirect recognition of HLA class-II mismatches. 
Indeed, after double CB-HCT, the number of HLA class-II mismatches was associated to a 
reduced relapse risk, whereas the number of HLA class-I mismatches was not (Chapter 7). 
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In addition to HLA class-II match grade, PIRCHE-I were independently associated to reduced 
relapse risk as well. These data suggest that PIRCHE-I derived from HLA class-II mismatch-
es result in tumor-specific reactivity of CD8+ T cells. In this context, HLA class-II derived 
PIRCHE-I potentially serve as semi-hematopoietic restricted minor histocompatibility (H) 
antigens. 

The indication of a correlation between HLA class-II derived PIRCHE-I and relapse, may 
partly explain the absence of tumor-specificity of PIRCHE-I in URD-HCT: in the investigated 
single HLA-mismatched transplants, the majority (76%) of cases was matched for HLA class 
II (Chapter 3). When stratifying according to HLA class-I or -II mismatches in this cohort, 
again no correlation between high PIRCHE-I and less relapse was found (unpublished obser-
vation), indicating that HLA class-II derived PIRCHE-I were not associated to an anti-tumor 
effect. Since patient numbers in this group were rather low, no permanent conclusions can 
be drawn yet. Similarly, the presence of PIRCHE-I was not significantly associated with re-
lapse in HLA-DPB1 mismatched HCT (Chapter 4). The latter study did, however, show a trend 
for a reduced relapse-related mortality rate in case of above 2 HLA-DPB1-derived PIRCHE-I 
(unpublished observation), indicating that the potential anti-tumor effect of HLA class-II 
derived PIRCHE-I requires a larger quantity of epitopes. Such a dose-response threshold re-
mains to be confirmed. If indeed high numbers of HLA class-II derived PIRCHE-I are required 
to induce an anti-tumor effect, this may explain why the anti-tumor potential was only ob-
served in the setting of many mismatches such as CB-HCT, which resulted in much higher 
PIRCHE numbers when compared to URD-HCT (in double CB-HCT, median PIRCHE-I: 8, range 
0 to 48, Chapter 7; in URD-HCT, median PIRCHE-I: 3, range 0 to 17, Chapter 3). In summa-
ry, the absence of a significant correlation between PIRCHE-I and relapse in URD-HCT may 
be due to low numbers of HLA class-II mismatched transplantations, a reduced number of 
epitopes in case of little HLA mismatches and/or, as stated previously, intrinsic differences 
between URD and CB grafts.

Myeloid and lymphoblastic leukemias are not equally sensitive to immunotherapy. For 
example, the graft-versus-leukemia effect of donor lymphocyte infusions (DLI) does lead to 
durable remission in patients with acute myeloid leukemia (AML) (16, 17), whereas treating 
relapse after acute lymphoblastic leukemia (ALL) with DLI has never been more successful 
than chemotherapeutics (17-20). Potentially there is a difference in HLA-expression levels 
between myeloid and lymphoid blasts, that explains this difference in susceptibility to im-
munotherapy. AML is clearly sensitive of HLA recognition, as the AML blasts of patients with 
a relapse after HLA-mismatched allo-HCT often display HLA class-I down regulation (21). In 
line with this, we have observed that in patients with AML the effect of PIRCHE-I on relapse 
after CB-HCT was more profound than in patients with ALL (unpublished observation, ongo-
ing study). The differential effect of PIRCHE-I on AML as compared to ALL may indicate that 
CB selection with high PIRCHE-I does not lead to GVT effects in ALL, potentially due to the 
different HLA-expression levels of the different leukemias. These results definitely warrant 
further investigation and may lead to individualized PIRCHE-based donor selection, as the 
level of HLA expression of the leukemia may determine the susceptibility to immunother-
apy. 

PIRCHE and donor selection
The interpretation and application of PIRCHE predictions in donor-selection depends 
on donor source, indication for the allo-HCT and conditioning regimen. As mentioned 
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previously, the developed PIRCHE scoring system predicts permissible mismatches leading 
to reduced GVHD risks for adult URD-HCT, but predicts increased GVT effects after CB-HCT. 
These observations advocate the selection of donors with low PIRCHE-I and -II in case of 
URD-HCT, and high PIRCHE-I in case of CB-HCT for a malignancy. In any instance, for patients 
with non-malignant diseases, one should theoretically select the donor with the lowest 
alloreactive risk and thus low numbers of PIRCHE, although cohort studies verifying the 
advantage of low PIRCHE in non-malignant diseases have yet to be performed.

Next to donor source and underlying disease, conditioning regimens play an important 
role in complications after HCT, and should potentially be accounted for when including 
PIRCHE in the selection criteria. For example, MA conditioning regimens are associated to 
reduced relapse rates compared to NMA conditioning regimens, whereas the latter regi-
mens are associated with reduced GVHD rates (22). In the first setting one may preferen-
tially want to select donors that reduce the GVHD risk, and thus donors with low PIRCHE. In 
patients with a high-risk malignancy due to a poor clinical status conditioned with a NMA 
regimen, one may want to aim for improved anti-tumor reactivity and thus use CB with high 
numbers of PIRCHE-I. The current data did not allow concise studies on the role of PIRCHE 
in different conditioning regimens, as the numbers of patients in different subgroups of con-
ditioning regimens were rather low. Elucidating the exact role of conditioning regimens on 
PIRCHE effects therefore requires larger cohort studies.

Theoretically, PIRCHE-induced alloreactivity is the result of activated donor T cells. As 
donor T cells should be a prerequisite for the PIRCHE effect, one may assume an absent or 
reduced PIRCHE effect in case of T-cell depletion or delayed T-cell reconstitution, for exam-
ple in conditioning regimens containing anti-thymocyte globulin (ATG). Indeed, the effects 
of PIRCHE seemed most profound in conditioning regimens without ATG (Chapter 7). In 
addition, the effect of PIRCHE after URD-HCT was only present in case of complete donor 
T-cell chimerism (Chapter 8). Although these chapters both suggest a relationship between 
donor T-cell presence and PIRCHE effects, data on the exact timing of donor T-cell reconsti-
tution was not available. Current studies are ongoing to determine more precisely the link 
between donor T-cell reconstitution and PIRCHE responses. Despite the lack of such detailed 
studies, the current studies include patients that have received ATG and display an effect of 
PIRCHE, therefore the data advocate to incorporate PIRCHE-selection criteria in case of ATG 
administration as well.

For patients for whom an HLA-matched URD is not available, clinicians face the difficult 
choice between a single HLA-mismatched URD or (double) CB-HCT. Ideally, in these cases, 
PIRCHE criteria would facilitate the selection of either URD cells or CB units. However, cur-
rent data are not sufficient to study whether a 9/10-URD with low PIRCHE, to reduce the 
toxicity, is preferred over a CB with high PIRCHE-I, that increases the anti-tumor potential. 
When roughly comparing the analyzed low and high PIRCHE 9/10-URD- and double CB-HCT 
with 10/10-URD-HCT, only the 9/10 high PIRCHE group seems to have impaired overall sur-
vival (data not shown). However, these groups are poorly comparable with each other, as 
due to the retrospective nature of the studies, the 9/10-URD transplantations differ largely 
from the CB transplantations, a consequence of local HCT procedures and previous study 
inclusion criteria. Thus, very large cohorts are required to properly study the difference in 
clinical outcomes of all these potential donors. This question can potentially only be an-
swered by randomized controlled trials that determine which patient is transplanted with 
a 9/10-URD and which with a (double) CB. Whether such randomized controlled trials are 
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considered feasible and ethical, remains to be debated.

PIRCHE read out
The precise cut-off value of PIRCHE above or below which the risk of complications will be 
reduced, was generally not externally validated, apart from Chapter 7, where two separate 
cohorts were included and the application of an actual number of PIRCHE as a cut-off value 
was studied. This thesis thus mostly describes whether patients with higher numbers or 
presence of PIRCHE have increased probabilities of alloreactivity, in a proof-of-principle 
setting. To study a correlation between higher numbers of PIRCHE and clinical outcomes, 
arbitrary cut-offs were defined by dividing the patients into two or three groups; either 
based on equal group sizes (Chapter 3, 6, 7) or on potential biologically relevant cut-offs 
(Chapter 4, 5). Alternatively, PIRCHE could have been studied as a continuous number, 
although analyzing PIRCHE as a continuous variable is questionable, as PIRCHE are not 
normally distributed. Moreover, the correlation between PIRCHE and clinical outcome is 
likely non-linear. PIRCHE numbers represent a likelihood of T-cell recognition, as in theory 
each PIRCHE can be recognized by a different T-cell clone, leading to the assumption that 
more PIRCHE increase the chance of T-cell recognition (Figure 1A). However, one PIRCHE 
can be sufficient for T-cell activation, parallel to minor H antigen mismatches (23). Once 
a threshold of a certain number of PIRCHE is reached, increasing the number of PIRCHE 
above this threshold may not lead to increased risks of alloreactivity, as there is probably a 
plateau for the probability of T-cell recognition upon a large number of presented epitopes. 
The effect of higher numbers of PIRCHE on T-cell activation should therefore be carefully 
modeled, ultimately resulting in precise cut-off values applicable in donor selection. 

Ideally the number of PIRCHE is modeled against clinical outcome to study the optimal 
relevant cut-off values. The probability of T-cell recognition in itself may not be the optimal 
read out for clinical alloreactivity, as the effect of T-cell activation due to PIRCHE may be very 
different in the various transplant settings, as was described above. Thus, this thesis gives 
rise to the idea of an increasing number of PIRCHE being associated to clinical outcome, but 
the actual number of PIRCHE that leads to alloreactivity needs to be further studied. 

Future perspectives
PIRCHE can identify permissible HLA mismatches, as exemplified by the observation that after 
URD-HCT, low PIRCHE have similar clinical outcome as HLA-compatible transplantations. 
For CB-HCT, low numbers of PIRCHE-II potentially result in reduced chronic GVHD risks 
and thus PIRCHE seem to predict permissible mismatches in these transplantations as 
well. To successfully integrate PIRCHE as a donor-selection criterion, permissible PIRCHE 
mismatches should be available for every patient. We therefore studied whether we could 
find a CB unit with low PIRCHE-II for patients that had previously been transplanted with 
an HLA-mismatched donor in our center. For 86% of these patients, we could identify a 
permissible PIRCHE mismatch within the top ten of CB units that were considered acceptable 
based on other criteria (cell dose, HLA match grade; data not shown). A similar study is not 
yet performed for URDs. Strategies should be developed to generate acceptable PIRCHE 
mismatches for every patient. Increasing the number of potential donors is one strategy 
that can lead to this goal. Another strategy would be to improve the model by further 
classifying the non-permissible mismatches, as not all mismatches resulting in PIRCHE will 
be equally alloreactive. There are a number of options to achieve improvement of the 
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PIRCHE model. First of all, the immunogenicity of the various PIRCHE will differ. The current 
model does not discriminate between high and low immunogenic PIRCHE. Secondly, the 
actual number of PIRCHE may be better predicted. Furthermore, in vitro proof-of-principle 
by identifying PIRCHE-specific T cells and their phenotypic characteristics would potentially 
enable understanding the selective GVHD and GVT effects and hence allow further 
refinement of the predictions. All these aspects are discussed below and may be studied for 
their possibility of expanding the PIRCHE-acceptable donor pool.

Identifying highly immunogenic PIRCHE
Determination of the immunogenic level of PIRCHE may aid in PIRCHE-based donor 
selection, as it might provide a possibility to classify HLA-mismatches with identical PIRCHE 
numbers into low and high alloreactive mismatches. Immunogenicity is the ability of an 
antigen to induce an immune response (24). A highly immunogenic PIRCHE has a higher 
probability of T-cell recognition, whereas of less immunogenic PIRCHE many more are 
needed to induce T-cell activation (Figure 1B). Knowledge on the immunogenicity level of 
PIRCHE may increase our understanding of the effect of the absolute number of PIRCHE on 
clinical outcome. 

In general, the immunogenicity of an antigen is influenced by multiple factors: the 
ability to be processed and presented; the presence of a recognizing T cell; the abundance 
of the epitope; and the interaction between the T-cell receptor (TCR) and the peptide:HLA 
(pHLA) complex (25). Of these factors, the binding of the peptide to HLA is the most selec-
tive event (25), and has therefore received most attention in our current model. The TCR 
repertoire of the donor is not known prior to HCT, and can therefore not be used to predict 
immunogenicity in this context. How the other factors could result in prediction of the im-
munogenicity of PIRCHE is discussed below. 
A B

Figure 1 (A) The hypothetical effect of the number of PIRCHE on T-cell recognition. PIRCHE are a method to pre-
dict the probability of T-cell recognition. With 1 PIRCHE, there is a (small) possibility that the donor T-cell repertoire 
will contain a T-cell receptor (TCR) that can recognize that PIRCHE. With increasing numbers of PIRCHE, the chance 
of such a TCR will increase. At a certain number (XX) of PIRCHE, a plateau will be reached whereby one PIRCHE 
extra does not really add to an increase in the chance of T-cell recognition. The probability of T-cell recognition 
may be a surrogate marker of clinical outcome, although the effect of T-cell activation on clinical alloreactivity may 
be different depending in other transplant and patient characteristics, as was described in the text. (B) The effect 
of the number of PIRCHE differs depending on the immunogenicity of each PIRCHE. Immunogenic PIRCHE may 
lead to a lower threshold for T-cell recognition, in contrast to non-immunogenic PIRCHE which may need very high 
numbers before the T cells will be activated. 
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Peptide processing
The proteasome is responsible for cleavage of proteins into peptides. There are two 
types of proteasomes: the constitutive proteasome, expressed in most cells, and the 
immunoproteasome, that can be induced upon inflammation via IFNγ and is the constitutive 
form in dendritic cells (26). The immunoproteasome has altered cleavage activity than the 
conventional proteasome (reviewed in (27)). Upon the inflammatory situation after HCT, 
the immune activation may lead to preferential induction of the immunoproteasome, 
generating specific cleavage products, thereby resulting in the presentation of specific 
PIRCHE. Incorporation of immunoproteasomal cleavage predictions may hence offer an 
opportunity of predicting highly immunogenic PIRCHE. Immunoproteasomeal cleavage 
products can be predicted (26), although the correlation with actual T-cell epitopes was not 
better when comparing immunoproteasomal cleavage with the overall (constitutive and 
immuno-) proteasomal cleavage predictions that are currently applied in our model (26). 
Thus, the incorporation of these immunoproteasomal predictions specifically, does likely 
not contribute to the prediction of highly immunogenic PIRCHE.

Abundance of the epitope: HLA expression
The expression level of a given PIRCHE-HLA complex potentially contributes to the 
immunogenicity, as the chance of T-cell interaction is increased upon higher expression 
levels. HLA-C, -DRB3, 4, 5, -DQ, and -DP proteins are lower expressed than HLA-A, 
-B, and -DRB1 proteins (28). This may on the one hand lead to less T-cell exposure for 
PIRCHE presented by these lower expressed alleles, but on the other hand also to a 
lower probability of processing into peptides derived from these low expressed proteins. 
Nonetheless, this thesis describes two cohorts (Chapters 4 and 5) whereby PIRCHE derived 
from HLA-C and -DPB1 were correlated to acute GVHD development. Thus, PIRCHE derived 
from low expressed alleles do correlate to alloreactivity. Potentially, the expression levels 
of the presenting HLA proteins are more important. We have performed some preliminary 
analyses differentiating the predictive capacity of PIRCHE-I in- and excluding HLA-C 
presentation, where we did not find clear differences (data not shown). Ideally, studies 
analyzing the effect of HLA-C presentation, as well as presentation by other loci, should 
incorporate actual HLA-C expression levels. The expression levels of HLA-C alleles differ, 
and it was recently shown that the expression level of HLA-C mismatches correlates to 
alloreactivity (29). Thus, theoretically the expression levels of PIRCHE-HLA complexes may 
contribute to the immunogenicity, however, this contribution is likely little as we did not 
find an indication for a correlation between expression levels and outcome yet, in small 
cohort studies.

Abundance of the epitope: pHLA stability
Currently, a PIRCHE is regarded immunogenic when the peptide can be processed and 
presented by shared HLA. Binders are selected based upon the predicted IC50 value being 
below a general value as a measure of affinity (500 nM for HLA class-I presentation and 
1000 nM for HLA class-II presentation), irrespective of the presenting allele. The downside 
of using IC50 values is that the measurement of these values is based upon competition 
assays: these assays measure the 50% maximal inhibitory concentration (IC) of the peptide 
of interest in competition with a standard reference peptide for the presenting HLA allele. 
The height of the IC50 value is thus dependent on the stability of the reference peptide 
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in the peptide-binding groove, and therefore IC50 values from different alleles are not 
easily comparable with each other. Furthermore, IC50 values have allele-specific thresholds 
(30), which have been established for a limited number of alleles (31). Ideally, one would 
determine the relevant IC50 threshold for every allele (30). Determining these cut-offs to 
select relevant binders requires extensive investigation, but may improve the specificity of 
the PIRCHE model. 

The stability of a pHLA complex may better predict the probability of T-cell recognition 
than binding affinity as measured via IC50 values. The well-known HA-1 minor H antigen 
regards two allelic variants, both leading to peptides that bind to HLA-A*02:01 with an IC50 
value well below 500 nM: the immunogenic HA-1H has an IC50 of 30 nM whereas it’s non-im-
munogenic HA-1R counterpart has an IC50 of 365 nM (32). Both would be considered binders 
in the current PIRCHE strategy, however, the non-immunogenic HA-1R was not eluted during 
peptide elution studies (32). The proposed mechanism for HA-1 immunogenicity is the dif-
ference in on/off rate between the two allelic counterparts: the HA-1H-HLA-A2 complex is 
more stable than the HA-1R-HLA-A2 complex (33). Hence, the stability of pHLA complexes 
seems an important predictor of immunogenicity. This pHLA stability could be incorporated 
in the model by using the HLA peptide-binding predictions of the Bioinformatics and Mo-
lecular Analysis Section (BIMAS) (34). The BIMAS approach is, however, hampered by the 
limited number of predictions for HLA class-I alleles and the absence of HLA class-II alleles. 
Therefore, currently, IC50 values offer the best opportunity of predicting the abundance of 
PIRCHE for every presenting HLA allele.

TCR interaction
The PIRCHE designation of being a potential T-cell epitope can be refined. The current 
strategy to identify PIRCHE is to compare linear sequences of presented peptides and 
to designate a peptide as a PIRCHE when there is one amino acid difference between 
mismatched-HLA derived peptides and self peptides. Although the exact mechanisms 
of how a TCR recognizes a foreign peptide are unknown, activation of T cells is (partly) 
dependent on the stability of the binding of the TCR to the pHLA complex (35). This stability 
is, from the peptide’s perspective, mainly determined by a limited number of amino acid 
positions of the peptide and the physicochemical properties of these specific residues, as 
described below. 

The amino acid residues that are most exposed to the TCR differ for the various HLA 
class-I (37, 38), as well as class-II (39-42) alleles. In HLA class-I presentation, the center of 
the peptide is generally more exposed to TCR interaction than the flanking residues (36). 
However, it has been shown that in a given TCR interaction with an HLA-A*02:01-presented 
peptide, position 8 was most important (37); whereas for another TCR interaction with an 
HLA-B*51:01-presented peptide, positions 3-8 were critical (38). For MHC class-II presen-
tation it is commonly accepted that position 5 is most important for TCR recognition, not 
allowing changes in this residue (39-41). However, the more peripheral positions 2 and 8 of 
two common diabetes epitopes presented by HLA-DR are very important for TCR recogni-
tion (42). Thus, as the critical TCR residues differ, it may be worthwhile to exactly elucidate 
which residues are T-cell exposed for every presenting HLA allele. Polymorphisms on these 
critical TCR-exposed residues may lead to a higher probability of activating T cells than less 
exposed residues, and thus to more immunogenic PIRCHE. A straightforward strategy to 
investigate the effect of polymorphisms in T-cell exposed residues, is to only analyze amino 
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acid polymorphisms for positions outside the HLA-anchor positions; this strategy is current-
ly studied by our group. Nevertheless, multiple studies have shown that substitutions in 
predicted HLA-anchor positions that are buried from the TCR, can lead to lack of TCR bind-
ing as well (41, 43). Properly improving the predictions by weighting the most important 
positions is thus challenging.

Next, not only the position but also the properties of the polymorphic amino acids 
in the TCR-exposed residues may impact T-cell recognition, as binding of the TCR to the 
pHLA complex is partly determined by the characteristics of the peptide. For example, the 
above described TCR that interacted with a peptide presented by HLA-A*02:01, does not 
allow charged amino-acids in the center of the peptide (37). Moreover, in general, T cells 
are proposed to have a preference for large and aromatic residues (44). One may therefore 
assume that amino acid substitutions resulting in changes of charge or size, have a greater 
impact on T-cell interaction than amino acid polymorphisms that have similar properties as 
the amino acid they substitute. PIRCHE could therefore be scored based on the properties 
of the polymorphisms instead of on any polymorphism. Incorporating all these different 
potential properties of amino acid substitutions and weighting them accordingly, also with 
respect to their position in the peptide, requires extensive modelling. Recently, a “simple” 
immunogenicity score has been developed for HLA class-I presented peptides, based on the 
presence of aromatic and larger residues on positions 4 to 6 of the peptide (44). A first step 
in testing the relevance of scoring PIRCHE not based on any polymorphic residue but based 
on the characteristics of these polymorphisms, could be incorporating this immunogenicity 
score. However, analyzing the effects of different immunogenic levels of PIRCHE next to the 
effect of PIRCHE numbers, requires larger study cohorts than those described in this thesis.

In summary, some PIRCHE will likely be more immunogenic than others. Being able to 
classify immunogenicity of PIRCHE may enhance the applicability of the model. We have 
described a number of possibilities that could allow for the prediction of highly immunogenic 
PIRCHE. Immunogenicity may well be predicted by scoring pHLA stability and identifying 
the (properties of) TCR-exposed residues, whereas incorporating immunoproteasomal 
cleavage predictions and HLA expression levels probably contributes less. When pHLA 
stability and the immunogenicity score of TCR-exposed residues will become available 
for every presenting HLA allele, predicting the immunogenicity level of PIRCHE may be 
achievable.

Refinement of the PIRCHE pool
The accuracy of the predicted PIRCHE pool can possibly be augmented. Currently, some 
HLA mismatches may have been wrongly defined as resulting in high, low or no PIRCHE. 
Improving the accuracy of the number of PIRCHE, could increase the model’s predictive 
capacity of clinical outcome even further. Multiple potential refinements of the PIRCHE 
predictions will be discussed below.

HLA class-II presentation
Current PIRCHE-II predictions only include HLA-DRB1 presentation, while HLA-DQ and -DP 
might play a role as presenting molecules in indirect recognition of HLA mismatches as 
well. When the PIRCHE model was constructed, binding predictions were not available for 
the majority of HLA-DQ and -DP proteins (45), and could therefore not be incorporated. 
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Only recently HLA class-II binding predictors for all possible HLA-DQ and -DP proteins have 
become available (46). Further, predicting the complete HLA class II-presented peptide 
repertoire is challenging in the daily practice of donor selection, due to incomplete HLA 
typing: despite the fact that the HLA class II peptide-binding groove is formed by both an α- 
and β-chain, in general, only typing for HLA-DRB1 and -DQB1 is performed prior to HCT. For 
HLA-DRB1, binding algorithms are nevertheless applicable, since the few different HLA-DRα 
chains all lead to a similar peptide-binding groove. The HLA-DQ and -DP proteins, however, 
consist of both a polymorphic α- and β-chain, leading to the potential expression of four 
different heterodimers of each protein on the cell surface. Consequently, HLA typing of both 
chains is required to properly predict peptide presentation by HLA-DQ and -DP. As binding 
to HLA-DQ and -DP is now predictable, typing the HLA-DQ and -DP α-chains can expand the 
PIRCHE-II pool. Nonetheless, HLA-DQ and -DP are expressed on a much lower level than 
HLA-DRB1 (as described above), and therefore, expanding the PIRCHE-II predictions to HLA-
DQ and -DP presentation does likely not impact the results a lot.

Peptide lengths
Including different peptide lengths may lead to successful expansion of the PIRCHE library, 
especially in the case of HLA class-I presentation. HLA class-I proteins are not restricted to 
presenting 9-mers, although only these lengths have currently been studied in the PIRCHE 
model. The PIRCHE-I immunogenicity predictions become harder when implementing 
different peptide lengths, as longer peptides have a different conformation in the HLA 
class-I binding groove than shorter peptides (38, 47, 48). This different conformation 
leads to a change in the positions that are most TCR exposed. Thus, when incorporating 
different peptide lengths, the effect of these different lengths on peptide conformation and 
subsequently TCR interaction should be accounted for. Although the currently incorporated 
peptide length of 9 amino acids for PIRCHE-I is the most abundant length, other peptide 
lengths do play a significant role in immunity as well (49). Thus, the ability of predicting all 
potential peptide lengths, likely leads to more precise PIRCHE predictions.

HLA restriction
The HLA-restriction of TCRs is probably not as strict as assumed in the current PIRCHE 
model. Currently, PIRCHE are only counted when they are presented by shared HLA alleles, 
as the donor T cells should be positively selected in the thymus based on interaction with 
these HLA alleles. However, TCRs can interact with different presenting HLA alleles that 
have identical critical TCR-binding residues, flanking the peptide-binding groove (48, 50). 
The effect of binding of PIRCHE to mismatched HLA proteins with identical TCR-binding 
positions, should be analyzed. Including presentation of PIRCHE by HLA alleles with identical 
TCR-binding residues, probably only broadens the repertoire in case of allelic mismatches, 
as in antigenic mismatches the sites flanking the peptide-binding groove are generally also 
polymorphic.

Input for the PIRCHE model
For PIRCHE predictions, inclusion of the entire amino acid sequence of an HLA protein (i.e. 
from exon 1 to 6 or 8, depending on the locus) is important. However, a large number of 
HLA alleles in the IMGT database contain only the exon 2-3 sequence, as that is the minimal 
requirement for inclusion in this database. Ignoring the remainder of the sequence in our 
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method would generate much more PIRCHE for completely available patient alleles than 
in our current strategy, as all peptides derived from outside exon 2 and 3 will be regarded 
PIRCHE. In our studies, we have therefore either sequenced the unknown exons or 
extrapolated the incomplete sequences, based on a nearest neighbor principle, apart from 
HLA-DPB1, where extrapolation was not possible with the available sequences. Moreover, 
locally, we are sequencing every allele completely, including all exons, for every patient and 
donor. The currently sequenced exons were identical to our predicted sequences, indicating 
that the extrapolation was successful thus far (data not shown). Meanwhile, we are in the 
process of uploading the newly sequenced exons and alleles to the IMGT database.

Non-inherited maternal antigens
Implementing non-inherited maternal antigens (NIMA) into PIRCHE predictions may 
enhance the model with respect to CB-HCT. NIMA play an important role in tolerance 
after CB-HCT: when CB cells are used for an HLA-mismatched but NIMA-matched patient, 
patients have an increased probability of survival when compared to transplantation with 
an HLA and NIMA mismatch (51). This NIMA tolerance is the consequence of the pregnancy, 
where a fetus is exposed to a non-inherited maternal HLA haplotype. The NIMA tolerance 
is required to prevent immune responses of the child towards the mother. As the CB is 
tolerant against the maternal HLA, we hypothesize that the CB is also tolerant against 
maternal-PIRCHE, and these NIMA-PIRCHE should be regarded self peptides in the PIRCHE 
strategy. Very preliminary results from a small study showed that the number of PIRCHE 
substantially decreases when taking into account NIMA-PIRCHE (data not shown, ongoing 
study), potentially expanding the PIRCHE-acceptable donor pool. Moreover, it seemed 
that the correlation between PIRCHE numbers and clinical outcome was improved when 
regarding NIMA-PIRCHE as self peptides (data not shown). Currently, the sample size of this 
study is being expanded, allowing for more concise studies regarding the effect of NIMA-
PIRCHE.

Expanding the self-peptide pool
The PIRCHE method can theoretically be extended to whole genome sequences, both with 
respect to determining self peptides as well as potential epitopes. PIRCHE are basically 
minor H antigens, as theoretically any polymorphism in presented peptides derived 
from a patient and donor can be recognized by a T cell. Some of the currently predicted 
PIRCHE are possibly actually similar to self-peptides derived from non-HLA proteins and 
will subsequently not induce T-cell responses. Inclusion of whole genome sequences for 
PIRCHE analyses may prevent this potential overestimation of PIRCHE. In the near future, 
whole exomes will likely be available during donor selection, as the costs of whole genome 
sequencing are diminishing. With the increase of available genes to match donor and 
patient for, the definition of a complete match will become more and more stringent; there 
will exist an ever increasing need of methods to predict permissible mismatches. PIRCHE-
predictions expanded to any peptide may assist in such permissible mismatching strategies. 

To sum up, the validity of the predicted PIRCHE may be improved, by broadening the 
PIRCHE-II predictions to HLA-DQ and -DP presentation; analyzing different peptide lengths; 
expanding the definition of HLA presentation; and by broadening the input for the model 
with respect to HLA sequences, NIMA typing and whole exome sequences. These additions 
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may improve the sensitivity and the specificity of the model by in some instances decreasing 
or in other instances increasing the number of predicted PIRCHE. The refinement of the 
number of PIRCHE should ultimately lead to expansion of the acceptable donor pool.

In vitro proof-of-principle
Identifying T cells that recognize PIRCHE in patients with acute GVHD or substantial anti-
tumor responses would help improve the model, as it would enable studying in vitro which 
properties of the PIRCHE lead to (more profound) T-cell activation. Thus far, CD4+ T cells 
indirectly recognizing HLA class-I and -II mismatches have been shown in recipients of 
organ allografts (52-55), and in a patient with GVHD that had received multiple DLIs (56). 
Indirectly recognizing CD8+ T cells have not been identified yet in patients after allo-HCT. 
Patient material from patients after HCT is rather scarce. We therefore started to study the 
presence of PIRCHE-specific CD8+ T cells in peripheral blood of healthy donors. 

We aimed at showing that indirectly recognizing T cells can be induced in healthy indi-
viduals, and therefore also in potential donors of allo-HCT. To this end, T cells from a healthy 
donor were primed with autologous monocyte-derived dendritic cells loaded with potential 
PIRCHE. These primed T cells were challenged with T2 cells loaded with the PIRCHE from 
the priming phase or an HLA-A2-derived self peptide. Significantly more T cells produced 
IFNγ upon restimulation with three PIRCHE compared to the self-peptide (Figure 2). Thus, 
PIRCHE-specific T cells can be induced upon priming of a healthy donor.

Alternatively, PIRCHE-specific CD8+ T cells were identified with fluorochome-labeled 
PIRCHE-tetramers in a multiparous woman; these T cells were specific for PIRCHE derived 
from the mismatched HLA of her two children (Figure 3A). Furthermore, HLA-specific anti-
bodies were detected in the plasma of this healthy woman. These antibodies were direct-
ed against the HLA of the children of which high numbers of PIRCHE-II were presented, 
whereas such antibodies were neither present against the mismatched HLA resulting in 0 
or 1 PIRCHE-II nor matched HLA. This single case observation suggests that PIRCHE-specific 
CD4+ T cells have provided help to the B cells, that led to the production of HLA-specific IgG 
antibodies (Figure 3B). This latter finding is in accordance with results from a study regard-
ing kidney transplantation (57). In the latter study, the number of PIRCHE-II derived from 
HLA mismatches against which antibodies were observed (immunogenic mismatches), was 
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Figure 2: IFNγ ELISpot testing T cells 
from a healthy donor primed with po-
tential PIRCHE. The number of IFNγ spots 
per 15,000 T cells, upon challenging them 
with T2 cells loaded with various pepti-
des. Primed T cells produce significantly 
more IFNγ upon stimulation with three 
PIRCHE (1-3) compared to the A2-deri-
ved self-peptide, three other PIRCHE (4-
6) did not induce significant responses. 
A2-self: LLLSGALAL  (HLA-A2 derived). 
1: LMLAMLSSL (HLA-DQB1 derived). 2: 
YIYNREEFV (HLA-DPB1 derived). 3: AVL-
GAVVAV (HLA-C derived). 4: YIYNREELV 
(HLA-DPB1 derived). 5: YIYNRQEYA (HLA-
DPB1 derived). 6: AVLGAMVAV (HLA-C 
derived). **: p<0.05. * p<0.10.
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higher than those of mismatches against which antibodies were not formed. Thus, in this 
healthy multiparous woman, we have found some indications of PIRCHE-specific CD8+ and, 
indirectly, CD4+ T cells, that were likely induced during pregnancy. Nevertheless, these data 
regard only one donor and therefore extended investigation of more women is required.

Figure 3 (A) In a healthy multiparous woman, PIRCHE-specific CD8+ T cells were detectable with flourochro-
me-labeled tetramers. Peripheral blood mononuclear cells were CD8+ T-cell enriched via negative selection with 
magnetic-activated cell sorting. The CD8+ T-cell enriched fraction was labeled with fluorochrome-labeled tetra-
mers (HA-1 as a control, VLG-PIRCHE as a test) and CD8 and CD45RO antibodies. After enriching the CD8+ tetra-
mer+ fraction with fluorochrome-activated cell sorting (left panels), PIRCHE and minor-specific T cells are clearly 
detectable (right panels). (B) In a healthy multiparous woman, HLA-specific antibodies were detectable with 
Luminex technology, when the numbers of PIRCHE-II were high. HLA-specific antibodies were detected in plasma, 
an MFI above 500 was regarded positive. HLA-specific antibodies were detected against three HLA alleles of her 
children of which high numbers of PIRCHE-II could be presented (in white). Antibodies were not detected against 
self HLA alleles (in black) or allogeneic HLA with 0 or 1 PIRCHE-II (in grey). MFI: mean fluorescent intensity.
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To summarize, PIRCHE-specific CD8+ T cells were induced in a healthy donor upon 
priming and were present in a healthy multiparous woman, likely induced during previous 
pregnancies. Although these results are quite preliminary and require extensive confirma-
tion and further testing, they do suggest that PIRCHE-specific CD8+ T cells are inducible in 
healthy donors. Ultimately, isolating PIRCHE-specific CD4+ and CD8+ T cells from patients 
with GVHD or without relapse after URD- and CB-HCT, not only aids in improvement of the 
current model, it also allows studying the specific role of these different T-cell subsets and 
may result in the development of methods that help prevent PIRCHE-induced GVHD or en-
hance PIRCHE-I directed anti-tumor responses.

Despite the fact that PIRCHE-specific CD8+ T cells have not yet been identified after 
allo-HCT, a large number of PIRCHE have been eluted in peptide-elution studies (58). Some 
of these studies have also been used to establish the computational methods that were 
incorporated in the PIRCHE predictions. Investigating the reliability of PIRCHE predictions by 
peptide-elution studies on cells from peripheral blood or EBV-LCL, similar as performed in 
these studies underlying the PIRCHE model, does therefore not validate the model. On the 
contrary, in vitro studies regarding the presence of PIRCHE in GVHD tissue or on tumor cells, 
would help to improve the model. It would enable studying the preferential expression of 
PIRCHE on certain tissues, thereby improving the dissection of the GVHD and GVT effect and 
help identifying highly immunogenic PIRCHE.

Implementation of PIRCHE
The ultimate goal of this thesis was to improve clinical outcomes of patients that have to 
be transplanted with HLA-mismatched donors, by enabling selection of permissible HLA 
mismatches. This thesis described consistent correlations of PIRCHE with clinical outcome, 
despite the potential changes to the model and the unexplained differences in clinical 
outcomes after URD- and CB-HCT. Therefore, based on the available data, we propose 
the following flow of PIRCHE-based donor selection (summarized in Figure 4). The URD 
search is started in absence of an HLA-identical sibling donor. Depending on the current 
local protocols, the next option is an HLA-matched URD or CB. In absence of an HLA-match, 
PIRCHE can provide guidelines. When selecting an HLA-mismatched URD, selection of a 
donor with the lowest number of PIRCHE-I and -II is preferred; the sample size of our studies 
was not large enough to compare low PIRCHE-I, high PIRCHE-II with the opposite option. 
Nonetheless, the associations between PIRCHE and clinical outcome in the URD setting 
were most substantial for PIRCHE-I, suggesting that low PIRCHE-I may be preferred over 
low PIRCHE-II. When selecting a CB donor, the underlying disease is of utmost importance 
for the PIRCHE-based donor-selection advice. For malignant diseases, AML specifically, we 
advise to select a donor with high PIRCHE-I, to enhance the anti-tumor effects, and low 
PIRCHE-II, to avoid GVHD. For non-malignant diseases, the best option may be low PIRCHE-I 
and -II, although the advantage of selecting a CB donor with low PIRCHE-I has not been 
confirmed yet in this setting.

In our local center, PIRCHE numbers have been monitored in the prospective do-
nor-selection procedure. One of these monitored cases (personal communication by dr. E. 
Spierings) serves as an example of PIRCHE-based donor selection in daily practice. A pa-
tient with HLA-A*02:01, -A*03:01, -B*50:01, -B*35:01, -C*04:01, -C*06:02, -DRB1*01:01, 
-DRB1*04:08, -DQB1*05:01, -DQB1*03:01 was in need of an allo-HCT. The chance of finding 
a 10/10 URD was considered low, as HLA-DRB1*04:08 is infrequent in combination with 
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A*02:01. There were more than 100 potential single allele-mismatched donors, with mis-
matches on HLA-A, -B or -DRB1. A potential strategy could be to select a donor with an 
HLA-DRB1 mismatch, as this is the infrequent allele that is hard to match for. However, when 
implementing PIRCHE in the donor-selection strategy, HLA-DRB1 mismatches led to high 
numbers of PIRCHE and were thus not preferred. Alternatively, mismatching for HLA-A*02:01 
and matching for DRB1*04:08 yielded less PIRCHE (Table 1). Hence, when regarding PIRCHE 
next to the potential HLA mismatches, the selection of the mismatched locus can be based 
on a risk classification rather than on the locus that is attractive to mismatch for in order to 
enhance the finding of potential donors. Thus, including PIRCHE calculations in donor-selec-
tion procedures may greatly change and improve current strategies.

In conclusion
This thesis describes a novel method of predicting permissible HLA mismatches prior to HCT 
that can be implemented in donor-selection procedures. When integrating PIRCHE in the 
donor-selection criteria, it should be done cautiously, bearing the donor source, indication 
for HCT and conditioning regimen in mind. A number of changes may lead to improvement 
of the current strategy, which ultimately results in even more refined risk classifications of 
HLA mismatches and expansion of the PIRCHE-acceptable donor pool.

Non-malignant indication:
low PIRCHE-I and -II

Malignant indication:
high PIRCHE-I, low PIRCHE-II

Select CB unit(s)

9/10 URD with
higher PIRCHE-I or -II

9/10 URD with 
low PIRCHE-I and -II

10/10 URD not available

Sibling not available

Start URD search

Figure 4: Proposed incorporation of PIRCHE-based donor selection. Flowchart for unrelated donor (URD) and cord 
blood (CB) selection procedure, grey cells indicate PIRCHE advice.
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Potential mismatch combination

Locus Patient HLA typing Potential donor HLA typing PIRCHE-I PIRCHE-II

A 02:01 02:05 1 3

A 02:01 02:02 1 3

A 02:01 02:08 1 4

A 02:01 25:01 2 18

A 02:01 24:02 3 21

A 02:01 23:01 3 22

A 02:01 11:01 4 30

B 50:01 57:01 6 21

DRB1 04:08 04:01 2 9

DRB1 04:08 13:03 6 14

DRB1 04:08 11:01 6 14

DRB1 04:08 08:03 6 14

DRB1 04:08 11:03 6 14

DRB1 04:08 11:04 6 14

DRB1 04:08 12:01 6 16

Table 1: Example of PIRCHE implementation in donor-search strategy. Although mismatching for 
the HLA-DRB1 allele seems logical, as exemplified in the text, when including PIRCHE predictions 
HLA-A mismatching seems preferred.
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Transplantatie met hematopoïetische cellen van een donor (zogenaamde allogene 
hematopoïetische cel transplantatie, allo-HCT) is een curatieve therapie voor patiënten 
met maligne en niet-maligne beenmerg aandoeningen en aangeboren afwijkingen van het 
metabolisme. Een van de belangrijkste complicaties van allo-HCT is transplantatieziekte, deze 
ziekte ontstaat doordat het immuun systeem van de donor de patiënt als lichaamsvreemd 
herkent. Transplantatieziekte kan grotendeels voorkomen worden door patiënt en donor 
HLA te matchen. Echter, door de enorme diversiteit van ons HLA systeem, is het voor een 
groot deel van de patiënten niet mogelijk om een HLA-gematchte donor te vinden. Voor 
deze patiënten moeten we op zoek naar de “optimale mismatch”. 

HLA mismatches kunnen leiden tot complicaties doordat de donor T cellen het gemis-
matchte HLA van de patiënt als lichaamsvreemd herkennen, en er een immuunreactie 
opgewekt wordt. De T cellen kunnen het HLA op twee manier herkennen: zogenaamde 
directe en indirecte herkenning. Tijdens directe herkenning herkent de T cel het intacte 
gemismatchte HLA eiwit op het cel oppervlak, waarbij het HLA eiwit een niet-relevant peptide 
presenteert. Deze vorm van herkenning is waarschijnlijk het gevolg van kruis-reactiviteit: 
het gemismatchte HLA met een peptide, lijkt op eigen HLA dat een lichaamsvreemd 
(bijvoorbeeld viraal) peptide presenteert. Tijdens indirecte herkenning wordt een peptide 
afkomstig van het gemismatchte HLA gepresenteerd op gematcht HLA, waarbij de donor T 
cel het peptide als lichaamsvreemd herkent. Dit is eigenlijk de gebruikelijke immuunrespons. 
Hoofdstuk 2 van dit proefschrift beschrijft deze twee routes van HLA herkenning in detail en 
focust vooral op hoe ze voorspeld zouden kunnen worden. Kort samengevat is het proces 
van directe herkenning erg complex en daardoor tot op heden nog onvoorspelbaar. Dit 
proefschrift beschrijft daarom hoe indirecte herkenning voorspeld kan worden, met het 
zogenaamde PIRCHE (Predicted Indirectly ReCognizable HLA Epitopes) model.

Het PIRCHE model voorspelt welke peptides afkomstig van gemismatcht HLA gepre-
senteerd kunnen worden op gematcht HLA, en kijkt daarbij of die peptides verschillen van 
donor-eigen peptides. In theorie voorspelt een hoger aantal PIRCHE een grotere kans op T 
cel herkenning. PIRCHE kunnen gepresenteerd worden op HLA klasse I (PIRCHE-I) aan CD8+ 
T cellen, en op HLA klasse II (PIRCHE-II) aan CD4+ T cellen. 

Het PIRCHE model is onderzocht in verschillende vormen van allo-HCT. Voor allo-HCT 
kunnen de hematopoïetische cellen geoogst worden uit perifeer bloed of beenmerg van 
een volwassen donor, of uit navelstrengbloed na een bevalling. Hoofdstuk 3-5 van dit 
proefschrift beschrijven het effect van PIRCHE na volwassen donor HCT, en hoofdstuk 6 en 
7 na navelstrengbloed transplantatie. Hoofdstuk 8 en 9, tenslotte, focussen zich op aan- 
wijzingen voor de aanwezigheid van donor T cellen die PIRCHE herkennen bij patiënten met 
transplantatieziekte.

In hoofdstuk 3 is het effect onderzocht van PIRCHE na allo-HCT met een enkele HLA 
mismatch, en zijn de klinische uitkomsten van verschillende PIRCHE groepen (laag, 
gemiddeld of hoog) vergeleken met die van HLA-gematchte transplantaties. Patiënten 
met lage PIRCHE-I en -II hadden een kleine kans op transplantatieziekte, leidend tot een 
overleving die vergelijkbaar was met die van patiënten na HLA-gematchte transplantatie, 
terwijl patiënten met hoge PIRCHE-I en -II een significant slechtere overleving hadden dan 
patiënten na HLA-gematchte transplantatie. Dit hoofdstuk suggereert daarom dat we met 
de keuze voor lage PIRCHE-I en -II HLA-gemismatchte donoren zouden kunnen selecteren 
die vergelijkbare overlevingskansen bieden als HLA-gematchte donoren.
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Klassiek worden voor allo-HCT patiënten en donoren gematcht op beide allelen van HLA-A, 
-B, -C, -DRB1, en -DQB1, een zogenaamde 10/10 match. Echter, recente studies laten zien 
dat het matchen voor HLA-DPB1 mogelijk ook tot betere overleving kan leiden. Bovendien is 
er een model ontwikkeld dat directe herkenning van HLA-DPB1 mismatches kan voorspellen, 
waarbij de zogenaamde permissive mismatches minder risico op transplantatie-gerelateerde 
mortaliteit opleveren dan non-permissive mismatches. In hoofdstuk 4 vergeleken wij de 
effecten van het PIRCHE model met dit directe herkenningsmodel, het TCE model. PIRCHE-I 
en -II waren significant geassocieerd met de ontwikkeling van transplantatieziekte, zelfs in 
het geval van een zogenaamde permissive mismatch volgens het TCE model. Dit hoofdstuk 
laat zien dat de voorspellingen van het TCE en PIRCHE model aan elkaar gecorreleerd zijn, 
maar suggereert daarnaast dat PIRCHE óf nauwkeuriger transplantatieziekte voorspellen 
dan het TCE model, óf dat directe en indirecte herkenning naast elkaar optreden.

De meeste enkele HLA mismatches vinden plaats op het HLA-C locus, vanwege de huidige 
donor selectie procedures (er wordt eerder in het donor selectie proces naar HLA-A, -B 
en -DRB1 gekeken, dan naar HLA-C en -DQB1). Interessant is echter dat sommige HLA-C 
mismatches wel een verhoogd risico op transplantatieziekte geven, ondanks dat bekend 
is dat HLA-C maar weinig op het cel oppervlak tot expressie komt. Vanwege dit lage 
expressie niveau lijkt directe herkenning niet zo waarschijnlijk. In hoofdstuk 5 hebben we 
onderzocht of indirecte herkenning een mogelijke verklaring voor het HLA-C gerelateerde 
risico zou kunnen bieden. In een klein cohort leken HLA-C mismatches met een hoger aantal 
PIRCHE-I en -II tot een groter risico op transplantatieziekte te leiden dan mismatches met 
weinig PIRCHE-I en -II. Daarnaast hebben we een hypothetische exercitie verricht, om te 
onderzoeken of voor sommige patiënten een HLA-B mismatch een beter alternatief zou 
kunnen zijn dan de geselecteerde HLA-C mismatch. Inderdaad zouden sommige HLA-B 
mismatches tot een lager aantal PIRCHE kunnen leiden dan de geselecteerde HLA-C 
mismatch. We stellen daarom dat de donor selectie procedure verbeterd zou kunnen 
worden wanneer er op basis van het aantal PIRCHE gematcht zou worden in plaats van het 
specifieke locus (HLA-B of -C).

Een alternatieve bron van hematopoïetische cellen is navelstrengbloed. Het voordeel 
van navelstrengbloed is dat het ligt opgeslagen in vriezers, en daardoor te allen tijde 
snel beschikbaar is. Daarnaast lijkt navelstrengbloed toleranter voor HLA mismatches, en 
wordt een navelstrengbloed donor eerder als een match beschouwd dan een volwassen 
beenmerg of perifeer bloed donor. De belangrijkste determinant voor het slagen van een 
navelstrengbloed transplantatie is de hoeveelheid cellen die aan de patiënt gegeven wordt, 
bij onvoldoende cellen lukt het de donor niet om zich te nestelen in het beenmerg van de 
patiënt. Echter, de hoeveelheid cellen uit één navelstrengbloed oogst is vaak niet voldoende 
voor zwaardere patiënten. Zwaardere kinderen en volwassen patiënten worden daarom 
vaak getransplanteerd met twee verschillende donoren. In hoofdstuk 6 onderzochten wij het 
effect van PIRCHE na transplantatie met meestal een navelstrengbloed donor bij kinderen, 
en in hoofdstuk 7 na transplantatie met twee verschillende navelstrengbloed donoren bij 
kinderen en volwassenen. Het aantal PIRCHE was na navelstrengbloedtransplantatie niet 
voorspellend voor het optreden van acute transplantatieziekte, maar transplantatie met 
hoge PIRCHE-I was geassocieerd met het voorkomen van terugkeer van de maligniteit. 
De immuunreactie lijkt in dit geval gericht tegen de maligniteit in plaats van de gezonde 
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weefsels van de patiënt. Deze twee hoofdstukken suggereren dan ook dat het zinvol zou 
kunnen zijn om bij navelstrengbloed selectie te kiezen voor een donor die veel PIRCHE-I kan 
herkennen.

In hoofdstuk 8 onderzochten we of het effect van PIRCHE altijd aanwezig is. Alleen in 
patiënten waarbij enkel T cellen afkomstig van de donor aantoonbaar zijn, was het aantal 
PIRCHE geassocieerd met transplantatieziekte, terwijl er geen correlatie tussen PIRCHE 
en transplantatieziekte was wanneer naast de donor T cellen ook cellen afkomstig van de 
patiënt waarneembaar waren. Dit suggereert de noodzakelijkheid van voldoende donor T 
cellen voor het PIRCHE effect.

In hoofdstuk 9, tot slot, kwantificeerden wij het aantal CD4+ en CD8+ T cellen in coupes 
van huidbiopten van kinderen met acute transplantatieziekte. De T cel aantallen waren 
hoger in patiënten met PIRCHE-I of -II, en ook na een geslachtsgemismatchte transplantatie 
(vrouwelijke donor voor mannelijke patiënt). Het aantal cellen was het hoogst wanneer 
er een combinatie van PIRCHE en geslachtsmismatch aanwezig was. Dit hoofdstuk 
suggereert dat bij meer T cel epitopen (afkomstig van HLA of het Y chromosoom), er tijdens 
transplantatieziekte meer donor T cellen naar de huid migreren.

Samenvattend laat dit proefschrift een robuuste correlatie zien tussen het aantal 
PIRCHE en klinische uitkomst na allo-HCT. Wanneer gebruik wordt gemaakt van 
volwassen ongerelateerde donoren heeft het de voorkeur om met weinig PIRCHE-I en 
-II te transplanteren om zo transplantatieziekte en daaraan gerelateerde mortaliteit te 
voorkomen. Echter, in het geval van navelstrengbloed transplantatie geniet het de voorkeur 
om donoren te selecteren met hoge PIRCHE-I zodat een zo groot mogelijk anti-tumor effect 
bewerkstelligd wordt. 
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er niet geweest zonder de bijdragen van een groot aantal mensen. Ik wil graag iedereen 
bedanken die betrokken is geweest bij de totstandkoming van mijn proefschrift. Eerst en 
vooral natuurlijk mijn begeleiders. Eric Spierings, bedankt dat je mij de kans hebt gegeven 
om onderzoek te doen naar een fantastisch onderwerp, heel toepasbaar en met een grote 
impact op de kliniek, helemaal in mijn straatje. Dank voor de zelfstandigheid die je me hebt 
gegeven, en de mogelijkheid tot samenwerken met veel verschillende mensen. Een hele 
leerzame ervaring. Erik Hack, ook dank voor de kans om dit onderzoek te doen, zonder 
dat er een precieze projectaanvraag of beurs was. Dank voor de kritische noten eens in 
de zoveel maanden, en voor de stimulerende ondersteuning in het valorisatie traject. 
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bedankt voor het beoordelen van mijn proefschrift. Dear prof. Wagner, thank you for 
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Eric Borst, mijn computerheld in bange dagen, a.k.a. U-Match IT-er. Wat fantastisch dat je 
bijna al mijn hersenspinsels kunt omzetten in een excel macro, en dat je me altijd supersnel 
vooruit helpt. Ook namens mijn muisarm, veel dank. Kirsten Geneugelijk, wat fijn dat in jou 
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het er nu is. Ik vond het erg prettig om met jullie samen te werken, en heb er heel veel van 
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JJs doorverwijzingen. :-) Corinne en Arianne, ook jullie dank voor de klinische data. Marc, 
dank voor de ondersteuning in van alles, maar in het bijzonder bij het opzetten van de 
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Het Ureka Mega Challenge team, Edward en Michel, bedankt voor de begeleiding. Jan Vos, 
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Linda, en iedereen die er verder bij betrokken is geweest, ik vond het een onwijs leuk en 
leerzaam en energie-gevend traject. Jullie enthousiasme en investering heeft een grote 
bijdrage aan dit boekje (en het vervolg) geleverd. 

Kamergenootjes uit het WKZ, wat fijn om op de leukste AIO kamer van het WKZ gezeten 
te hebben. Bij afwezigheid van een groep was het fijn om jullie om me heen te hebben. 
Bedankt voor het ontbijt, koffies, diners, dansjes en alle andere gezelligheid, maar ook voor 
jullie bereidheid mij te helpen bij dingen die ik uit moest vinden. Dear roomies, thanks 
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coupes. Astrid van Halteren, ik heb met veel plezier een aantal projecten op jouw lab 
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