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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, among 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 pep-
tides 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 pre-
sented 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 nucle-
ated cells and is able to present peptides to T-cells. Like the
other classical HLA class-I proteins (HLA-A and -B), HLA-C con-
sists 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 unsta-
ble (1); the HLA-C heavy chain does not associate efficiently with
the β2-microglobulin (2–4); 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 associ-
ation with β2-microglobulin, HLA-C is often retained within the
endoplasmic reticulum (ER) and degraded (4, 6, 7). Next to pre-
senting 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

expression levels are low (7) [for a comprehensive review regarding
the function of HLA-C in relation to KIR, see (8)].

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 mis-
matches are correlated to an increased risk of acute graft-versus-
host disease (GVHD) or even impaired survival (Figures 1A,B)
(9–13). 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 mis-
matches (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 expres-
sion levels. This potential explanation is based on how T-cell recog-
nition might be involved in the alloreactivity related to HLA-C
mismatches.
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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 recog-
nition 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 pep-
tides 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.

FIGURE 1 | (A) Forest plot for relative risk of acute GVHD III-IV of HLA-C
mismatches compared to HLA-matched 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
mismatches (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 mismatches
were compared to 1511 10/10 matches. 10/10 match: donor and recipient
matched on high-resolution level for HLA-A, -B, -C, -DRB1, and -DQB1. 8/8
match: donor and recipient matched on high-resolution level for HLA-A, -B,
-C, and -DRB1. MM: mismatch. RR: relative risk, relative to either 8/8 or
10/10 matches, as indicated.

Our group has recently developed an approach to predict
indirect recognition of mismatched HLA, by establishing the num-
bers of predicted indirectly recognizable HLA epitopes (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
Thus, we hypothesize that the thusfar unexplained substantial
alloreactivity of HLA-C mismatches evolves due to indirect recog-
nition 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 analyzed 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, and
-DQB1, at ultra-high (4-digit) resolution level, resolving all ambi-
guities. For retrospective high-resolution HLA-C typing of one
HSCT pair, no remaining DNA was available. For this single situa-
tion, 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 adaptations; differences in the current study are
the incorporation of NetMHCIIPan 2.0, and NetChop for predict-
ing processing of peptides with a processing probability of >0.5
and NetMHCPan 2.4 to select potential binders with an IC50 value
<500 nM for predicting PIRCHE-I (19–22).

We first analyzed the numbers of PIRCHE-I and -II separate
per mismatched HLA locus (Figures 2A,B). HLA-C mismatches
yielded the highest numbers of PIRCHE-I (Figure 2A), although
the numbers of PIRCHE-I derived from HLA-C were not sig-
nificantly different when compared to those derived from the
other loci, likely due to the low patient numbers. The num-
ber of PIRCHE-II derived from HLA-C were significantly higher
than those derived from HLA-B and HLA-DQB1 (Figure 2B,

Table 1 |The number and percentage of patients, per mismatched

locus.

Mismatch locus N (%)

HLA-A 10 (21)

HLA-B 6 (13)

HLA-C 20 (42)

HLA-DRB1 2 (4)

HLA-DQB1 10 (21)

We investigated our complete local cohort of patients transplanted with a single

HLA-mismatched unrelated donor (a 9/10 match) after non-myeloablative condi-

tioning, for various underlying diseases.The majority (42%) was transplanted with

an HLA-C mismatch.
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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 and the 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.

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, respec-
tively). 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) (Figures 2C,D).

To investigate whether indirect recognition of HLA-C pre-
dicts alloreactivity, we selected the HLA-C mismatched trans-
plantations only. We subsequently analyzed whether the risk of
alloreactivity is related to the number of PIRCHES instead of the
allelic versus antigenic 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 (Figures 3A,B). Patients presenting low HLA-C-derived
PIRCHE-I or -II (N = 3) did not develop acute GVHD. This differ-
ence is, although striking, not significant, likely due to low patient
and event numbers (six 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 three 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 chal-
lenging 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 more
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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 gray) 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.

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 indi-
cate 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 theo-
retical analysis. To this end, we analyzed the possibility to identify
an alternative 9/10 mismatched donor for those HLA-C mis-
matched 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 theoret-
ical 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 mis-
match yielded a lower number of PIRCHE-II than the HLA-C
mismatch (Figures 4A,B). The numbers of PIRCHE-II related
to an HLA-B mismatch instead of an HLA-C mismatch, are sig-
nificantly reduced for the HLA-B mismatched cases (p= 0.03).
Thus, HLA-B mismatches can lead to a lower probability of indi-
rect recognition 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.

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 num-
bers 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 recog-
nition by donor T-cells, as the T-cell receptor (TCR) contact
residues likely remain similar among allelic mismatches. The poly-
morphisms 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 polymor-
phic residues (allelic) (23). The latter study clearly showed that
the chance of the donor developing cytotoxic T-lymphocytic pre-
cursors in vitro was more likely in less polymorphic mismatches,
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Table 2 | HLA-typing of the patient, selected HLA-C mismatch, and potential HLA-B mismatch alternative.

Patient ID Patient HLA-typing Selected HLA-C

mismatch

Potential HLA-B

mismatch
H

LA
-A

H
LA

-B

H
LA

-C

H
LA

-D
R

B
1

H
LA

-D
Q

B
1

H
LA

-C
d

o
n

o
r

P
IR

C
H

E
-I

P
IR

C
H

E
-I

I

H
LA

-B
d

o
n

o
r

P
IR

C
H

E
-I

P
IR

C
H

E
-I

I

1 01:01 02:01 15:01 51:01 03:03 15:02 13:01 15:01 06:02 06:03 07:02 13 16 NA

2 02:01 – 40:01 51:01 03:03 03:04 09:01 13:02 03:03 06:04 05:01 0 1 NI

4 01:01 03:01 08:01 47:01 07:01 03:04 03:01 14:01 02:01 05:03 06:02 4 13 40:01 8 18

10 24:02 24:02 15:01 44:03 03:03 05:01 11:01 12:01 03:01 03:01 04:01 3 24 44:02 2 4

11 02:01 11:01 07:02 18:03 02:02 07:01 11:04 15:01 03:01 06:02 07:02 13 32 NA

14 03:01 32:01 07:02 15:01 07:02 03:03 07:01 13:01 02:02 06:03 01:02 4 15 NA

16 02:01 29:02 44:04 51:01 16:01 15:02 10:01 11:01 05:01 03:01 14:02 14 19 44:03 3 4

23 01:01 02:01 08:01 15:01 03:03 07:01 03:01 04:01 02:01 03:01 03:04 0 1 NI

25 03:01 11:01 07:02 18:01 07:02 12:03 11:01 13:01 03:01 06:03 07:01 9 21 38:01 15 21

29 02:01 – 35:01 51:01 01:02 04:01 13:02 15:01 06:02 06:04 15:02 5 11 27:05 0 7

30 02:01 03:01 13:02 35:01 02:02 04:01 04:01 07:01 02:02 03:02 06:02 6 16 27:05 3 13

31 02:01 11:01 15:01 51:01 04:01 12:03 01:01 04:01 03:02 05:01 03:04 7 13 39:01 12 17

33 02:01 24:02 40:01 57:01 06:02 07:02 07:01 13:02 03:03 06:04 03:04 9 17 07:02 1 16

34 02:01 – 15:01 44:02 03:04 05:01 04:01 04:04 03:01 03:02 03:03 0 0 NI

36 02:01 03:01 07:02 07:02 07:02 02:02 04:04 15:01 03:02 06:02 07:02 7 19 27:05 0 0

40 01:01 02:01 15:01 38:01 04:01 12:03 13:01 13:02 06:03 06:04 12:03 12 14 35:03 0 2

44 11:01 24:02 35:01 35:03 04:01 03:03 04:07 12:01 03:01 – 04:01 3 21 15:01 1 2

46 11:01 68:01 07:02 27:05 02:02 07:02 01:01 07:01 03:03 05:01 01:02 6 20 44:02 2 12

47 01:01 02:01 18:01 27:05 02:02 05:01 11:01 15:01 03:01 06:02 07:01 13 24 44:02 5 13

48 01:01 68:01 44:02 51:01 07:04 14:02 01:01 04:04 03:02 05:01 15:02 3 19 NA

For all our HLA-C mismatched cases, we analyzed the numbers of PIRCHE-I and -II. We next investigated whether we could in theory (based on known haplotypes)

identify an HLA-B mismatch instead of an HLA-C mismatch. In this table, HLA-typing of the patient is displayed, in bold: the actual HLA-C mismatched allele and in

italic: the potential HLA-B mismatched allele. The HLA-typing of the (potential) donors is only displayed for the mismatch, as the other alleles have the same typing.

NA: potential HLA-B mismatched alternative not available; NI: potential HLA-B mismatch not investigated, as the number of HLA-C-derived PIRCHES was low.

suggesting a greater probability of direct recognition by donor
T-cells in vivo. However, as HLA-C cell-surface expression is low,
development 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 fur-
ther 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, among other
factors, a limited peptide presentation profile and subsequent
unstable association with β2-microglobulin. This instability leads
to prolonged HLA-C presence in the ER and finally degradation
of the protein. When HLA-C is degraded, it can thereafter be pre-
sented 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 recognition

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 immuno-
genicity 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 antigenic 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, and -DRB1 matched (8/8) transplan-
tations. 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 num-
ber 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 alternatively lead to alloreactivity upon
HLA-mismatched HSCT. The development of HLA-C specific
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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 potentially 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).

antibodies is correlated to complications after HLA-mismatched
organ transplantation (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 out-
come, the HLAMatchmaker algorithm is not suitable to predict
GVH-directed alloreactivity in HLA-mismatched HSCT (30). Par-
ticularly for HLA-C, a correlation between GVHD and HLA-
Matchmaker scores may be unlikely; low cell-surface expression
of HLA-C also limits the potential of binding by HLA-C spe-
cific antibodies to the mismatched alleles. Indeed, in our small
cohort of HLA-C mismatches, HLAMatchmaker scores are also
not correlated to acute GVHD development (p= 0.77).

HLA-C mismatched donors are more frequently selected than
HLA-B mismatched donors, due to the previously mentioned
donor-selection procedures. We have proposed that HLA-B mis-
matches may in some situations lead to a lower probability of
indirect recognition than HLA-C mismatches, and that there-
fore an HLA-B mismatch may be preferred. Although some
studies indicate a particularly strong effect of HLA-B mis-
matched 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 imple-
menting the proposed 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 inves-
tigated 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 num-
ber of HLA-C-derived PIRCHES in the case of antigenic HLA-C
mismatches. These high numbers of PIRCHES seem to be cor-
related to an increased acute GVHD risk. We next investigated
whether selection 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 mismatches on a spe-
cific 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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Hanneke van Deutekom, and Eric Borst for their help in the com-
putational development of the PIRCHES model. We also thank
the HLA laboratory of the University Medical Center Utrecht for
the retrospective high-resolution HLA-typing of our cohort.

REFERENCES
1. McCutcheon JA, Gumperz J, Smith KD, Lutz CT, Parham P. Low HLA-C expres-

sion at cell surfaces correlates with increased turnover of heavy chain mRNA.
J Exp Med (1995) 6:2085–95. doi:10.1084/jem.181.6.2085

2. Setini A, Beretta A, De SC, Meneveri R, Martayan A, Mazzilli MC, et al. Dis-
tinctive features of the alpha 1-domain alpha helix of HLA-C heavy chains
free of beta 2-microglobulin. Hum Immunol (1996) 2:69–81. doi:10.1016/0198-
8859(96)00011-0

3. Shimizu Y, DeMars R. Production of human cells expressing individual trans-
ferred HLA-A,-B,-C genes using an HLA-A,-B,-C null human cell line. J Immunol
(1989) 9:3320–8.

4. Neefjes JJ, Ploegh HL. Allele and locus-specific differences in cell surface expres-
sion and the association of HLA class I heavy chain with beta 2-microglobulin:
differential effects of inhibition of glycosylation on class I subunit association.
Eur J Immunol (1988) 5:801–10. doi:10.1002/eji.1830180522

5. Zemmour J, Parham P. Distinctive polymorphism at the HLA-C locus: impli-
cations for the expression of HLA-C. J Exp Med (1992) 4:937–50. doi:10.1084/
jem.176.4.937

6. Neisig A, Melief CJ, Neefjes J. Reduced cell surface expression of HLA-C mol-
ecules correlates with restricted peptide binding and stable TAP interaction.
J Immunol (1998) 1:171–9.

7. Schaefer MR, Williams M, Kulpa DA, Blakely PK, Yaffee AQ, Collins KL.
A novel trafficking signal within the HLA-C cytoplasmic tail allows regulated
expression upon differentiation of macrophages. J Immunol (2008) 12:7804–17.
doi:10.4049/jimmunol.180.12.7804

8. Blais ME, Dong T, Rowland-Jones S. HLA-C as a mediator of natural killer
and T-cell activation: spectator or key player? Immunology (2011) 1:1–7.
doi:10.1111/j.1365-2567.2011.03422.x

Frontiers in Immunology | Alloimmunity and Transplantation May 2014 | Volume 5 | Article 210 | 6

http://dx.doi.org/10.1084/jem.181.6.2085
http://dx.doi.org/10.1016/0198-8859(96)00011-0
http://dx.doi.org/10.1016/0198-8859(96)00011-0
http://dx.doi.org/10.1002/eji.1830180522
http://dx.doi.org/10.1084/jem.176.4.937
http://dx.doi.org/10.1084/jem.176.4.937
http://dx.doi.org/10.4049/jimmunol.180.12.7804
http://dx.doi.org/10.1111/j.1365-2567.2011.03422.x
http://www.frontiersin.org/Alloimmunity_and_Transplantation
http://www.frontiersin.org/Alloimmunity_and_Transplantation/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thus et al. HLA-C PIRCHES

9. Woolfrey A, Klein JP, Haagenson M, Spellman S, Petersdorf E, Oudshoorn M,
et al. HLA-C antigen mismatch is associated with worse outcome in unrelated
donor peripheral blood stem cell transplantation. Biol Blood Marrow Transplant
(2011) 6:885–92. doi:10.1016/j.bbmt.2010.09.012

10. Ho VT, Kim HT, Liney D, Milford E, Gribben J, Cutler C, et al. HLA-C
mismatch is associated with inferior survival after unrelated donor non-
myeloablative hematopoietic stem cell transplantation. Bone Marrow Transplant
(2006) 9:845–50. doi:10.1038/sj.bmt.1705315

11. Flomenberg N, Baxter-Lowe LA, Confer D, Fernandez-Vina M, Filipovich A,
Horowitz M, et al. Impact of HLA class I and class II high-resolution matching
on outcomes of unrelated donor bone marrow transplantation: HLA-C mis-
matching is associated with a strong adverse effect on transplantation outcome.
Blood (2004) 7:1923–30. doi:10.1182/blood-2004-03-0803

12. Lee SJ, Klein J, Haagenson M, Baxter-Lowe LA, Confer DL, Eapen M, et al. High-
resolution donor-recipient HLA matching contributes to the success of unre-
lated donor marrow transplantation. Blood (2007) 13:4576–83. doi:10.1182/
blood-2007-06-097386

13. Furst D, Muller C, Vucinic V, Bunjes D, Herr W, Gramatzki M, et al. High resolu-
tion HLA-matching in hematopoietic stem cell transplantation: a retrospective
collaborative analysis. Blood (2013) 122:3220–9. doi:10.1182/blood-2013-02-
482547

14. Velardi A. Role of KIRs and KIR ligands in hematopoietic transplantation. Curr
Opin Immunol (2008) 5:581–7. doi:10.1016/j.coi.2008.07.004

15. Ferrara JL, Levine JE, Reddy P, Holler E. Graft-versus-host disease. Lancet (2009)
9674:1550–61. doi:10.1016/S0140-6736(09)60237-3

16. Sypeithi. http://www.syfpeithi.de/bin/MHCServer.dll/FindYourMotif.htm.
(2013)

17. Otten HG, Calis JJ, Kesmir C, van Zuilen AD, Spierings E. Predicted indirectly
recognizable HLA epitopes presented by HLA-DR correlate with the de novo
development of donor-specific HLA IgG antibodies after kidney transplanta-
tion. Hum Immunol (2013) 3:290–6. doi:10.1016/j.humimm.2012.12.004

18. Maiers M, Gragert L, Klitz W. High-resolution HLA alleles and haplotypes in
the United States population. Hum Immunol (2007) 9:779–88. doi:10.1016/j.
humimm.2007.04.005

19. Nielsen M, Justesen S, Lund O, Lundegaard C, Buus S. NetMHCIIpan-2.0 –
Improved pan-specific HLA-DR predictions using a novel concurrent align-
ment and weight optimization training procedure. Immunome Res (2010) 6:9.
doi:10.1186/1745-7580-6-9

20. Kesmir C, Nussbaum AK, Schild H, Detours V, Brunak S. Prediction of pro-
teasome cleavage motifs by neural networks. Protein Eng (2002) 4:287–96.
doi:10.1093/protein/15.4.287

21. Hoof I, Peters B, Sidney J, Pedersen LE, Sette A, Lund O, et al. NetMHCpan, a
method for MHC class I binding prediction beyond humans. Immunogenetics
(2009) 1:1–13. doi:10.1007/s00251-008-0341-z

22. Nielsen M, Lundegaard C, Blicher T, Lamberth K, Harndahl M, Justesen S, et al.
NetMHCpan, a method for quantitative predictions of peptide binding to any
HLA-A and -B locus protein of known sequence. PLoS One (2007) 8:e796.
doi:10.1371/journal.pone.0000796

23. Heemskerk MB, Cornelissen JJ, Roelen DL, van Rood JJ, Claas FH, Doxi-
adis II, et al. Highly diverged MHC class I mismatches are acceptable for

haematopoietic stem cell transplantation. Bone Marrow Transplant (2007)
3:193–200. doi:10.1038/sj.bmt.1705721

24. Spellman S, Klein J, Haagenson M, Askar M, Baxter-Lowe LA, He J, et al. Scoring
HLA Class I Mismatches by HistoCheck Does Not Predict Clinical Outcome in
Unrelated Hematopoietic Stem Cell Transplantation. Biol Blood Marrow Trans-
plant (2012) 18:739–46. doi:10.1016/j.bbmt.2011.09.008

25. Fernandez-Vina MA, Wang T, Lee SJ, Haagenson M, Aljurf M, Askar M, et al.
Identification of a permissible HLA mismatch in hematopoietic stem cell trans-
plantation. Blood (2014) 123:1270–8. doi:10.1182/blood-2013-10-532671

26. Gilbert M, Paul S, Perrat G, Giannoli C, Pouteil NC, Morelon E, et al. Impact
of pretransplant human leukocyte antigen-C and -DP antibodies on kidney
graft outcome. Transplant Proc (2011) 9:3412–4. doi:10.1016/j.transproceed.
2011.09.023

27. Duquesnoy RJ, Marrari M. HLAMatchmaker: a molecularly based algorithm for
histocompatibility determination. II. Verification of the algorithm and determi-
nation of the relative immunogenicity of amino acid triplet-defined epitopes.
Hum Immunol (2002) 5:353–63. doi:10.1016/S0198-8859(02)00381-6

28. Duquesnoy RJ, Takemoto S, de LP, Doxiadis II, Schreuder GM, Persijn GG, et al.
HLAmatchmaker: a molecularly based algorithm for histocompatibility deter-
mination. III. Effect of matching at the HLA-A,B amino acid triplet level on
kidney transplant survival. Transplantation (2003) 6:884–9. doi:10.1097/01.TP.
0000055101.20821.AC

29. Dankers MK, Witvliet MD, Roelen DL, de LP, Korfage N, Persijn GG, et al. The
number of amino acid triplet differences between patient and donor is predic-
tive for the antibody reactivity against mismatched human leukocyte antigens.
Transplantation (2004) 8:1236–9. doi:10.1097/01.TP.0000120385.03278.28

30. Duquesnoy R, Spellman S, Haagenson M, Wang T, Horowitz MM, Oudshoorn
M. HLAMatchmaker-defined triplet matching is not associated with better
survival rates of patients with class I HLA allele mismatched hematopoietic
cell transplants from unrelated donors. Biol Blood Marrow Transplant (2008)
9:1064–71. doi:10.1016/j.bbmt.2008.07.001

Conflict of Interest Statement: The University Medical Center Utrecht has
filed a patent application on the prediction of an alloimmune response against
mismatched HLA.

Received: 07 March 2014; paper pending published: 06 April 2014; accepted: 27 April
2014; published online: 12 May 2014.
Citation: Thus KA, Te Boome L, Kuball J and Spierings E (2014) Indirectly recognized
HLA-C mismatches and their potential role in transplant outcome. Front. Immunol.
5:210. doi: 10.3389/fimmu.2014.00210
This article was submitted to Alloimmunity and Transplantation, a section of the
journal Frontiers in Immunology.
Copyright © 2014 Thus, Te Boome, Kuball and Spierings. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

www.frontiersin.org May 2014 | Volume 5 | Article 210 | 7

http://dx.doi.org/10.1016/j.bbmt.2010.09.012
http://dx.doi.org/10.1038/sj.bmt.1705315
http://dx.doi.org/10.1182/blood-2004-03-0803
http://dx.doi.org/10.1182/blood-2007-06-097386
http://dx.doi.org/10.1182/blood-2007-06-097386
http://dx.doi.org/10.1182/blood-2013-02-482547
http://dx.doi.org/10.1182/blood-2013-02-482547
http://dx.doi.org/10.1016/j.coi.2008.07.004
http://dx.doi.org/10.1016/S0140-6736(09)60237-3
http://www.syfpeithi.de/bin/MHCServer.dll/FindYourMotif.htm
http://dx.doi.org/10.1016/j.humimm.2012.12.004
http://dx.doi.org/10.1016/j.humimm.2007.04.005
http://dx.doi.org/10.1016/j.humimm.2007.04.005
http://dx.doi.org/10.1186/1745-7580-6-9
http://dx.doi.org/10.1093/protein/15.4.287
http://dx.doi.org/10.1007/s00251-008-0341-z
http://dx.doi.org/10.1371/journal.pone.0000796
http://dx.doi.org/10.1038/sj.bmt.1705721
http://dx.doi.org/10.1016/j.bbmt.2011.09.008
http://dx.doi.org/10.1182/blood-2013-10-532671
http://dx.doi.org/10.1016/j.transproceed.2011.09.023
http://dx.doi.org/10.1016/j.transproceed.2011.09.023
http://dx.doi.org/10.1016/S0198-8859(02)00381-6
http://dx.doi.org/10.1097/01.TP.0000055101.20821.AC
http://dx.doi.org/10.1097/01.TP.0000055101.20821.AC
http://dx.doi.org/10.1097/01.TP.0000120385.03278.28
http://dx.doi.org/10.1016/j.bbmt.2008.07.001
http://dx.doi.org/10.3389/fimmu.2014.00210
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Alloimmunity_and_Transplantation/archive

	Indirectly recognized HLA-C mismatches and their potential role in transplant outcome
	Introduction
	T-cell alloreactivity
	HLA-C-derived PIRCHES
	Potential implications for donor selection
	Discussion
	Acknowledgments
	References


