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Abstract
Although HLA matching is beneficial in clinical transplantation, it is not feasible to select a completely HLA matched donor for every
potential recipient because of the enormous polymorphism of the HLA system. As a consequence, the majority of the recipients will be
transplanted with a mismatched donor organ or hematopoietic stem cell transplant. For this large group of patients it is important to take
advantage of the differential immunogenicity of HLA mismatches and to select for them a donor with HLA mismatches of low
immunogenicity, the so-called acceptable mismatches. The differential immunogenicity of HLA mismatches can be determined by either
retrospective analysis of graft survival data or by in vitro assays measuring T-cell and B-cell alloreactivity.
A recently developed computer algorithm (HLAMatchmaker) can be instrumental in selecting donors with HLA mismatches, which do
not lead to alloantibody formation. The theoretical background and practical implications of this acceptable mismatch approach are discussed.
D 2005 Elsevier B.V. All rights reserved.
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1. Introduction
Transplantation in the absence of immunosuppressive
drugs is only possible if donor and recipient are monozygotic twins. In all other situations, confrontation with
allogeneic cells or tissues will lead to both humoral and
cellular immune responses, which are directly responsible
for complications such as graft rejection [1] and, in case of
haematopoietic stem cell transplantation, graft-versus-host
disease [2].
These detrimental immune responses are mainly directed
at the allogeneic HLA molecules but also minor histocom-
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patibility antigens may serve as targets for these alloimmune
reactions [3].
Considering the dominance of the major histocompatibility antigens, selection of an HLA identical sibling- or
HLA identical unrelated donor may prevent a severe
alloimmune response as suggested by the beneficial effect
of HLA matching in clinical transplantation. As the genes
coding for the HLA molecules are clustered on the short arm
of chromosome 6 and are often inherited as a fixed
haplotype, the chance to find a completely HLA identical
family donor is about 25– 30 %. However, finding a donor
is far more difficult for patients, who do not have a suitable
family donor.
The enormous polymorphism of the HLA system makes
it impossible to find an HLA identical unrelated donor for
every patient. The recent introduction of molecular typing
techniques has led to a more reliable HLA typing but has
increased the complexity of the HLA system as well.
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Several of the serologically defined HLA antigens can now
be subdivided in many different alleles, for instance HLAA2, for which more than 50 different alleles have been
described [4].
The practical implications of the complexity of the HLA
system for the selection of HLA matched unrelated donors
are well illustrated by the international efforts to establish a
large pool of potential hematopoietic stem cell donors. Even
with more than 9 million HLA typed potential donors
available, it is impossible for many patients in need for a
bone marrow or hematopoietic stem cell transplantation, and
especially for non-Caucasoid patients with rare HLA types,
to find a well-matched donor [5].
In this perspective, it is not realistic to aim at a
completely HLA matched unrelated organ donor for most
of the patients on the waiting list.

2. Alternative strategies for donor selection
It is clear that most of the patients will be transplanted
with an HLA mismatched donor, while early acute graft
rejection will be prevented by the current potent immunosuppressive therapy. However, even in the presence of these
immunosuppressive drugs, it is important to minimize the
degree of HLA incompatibility as this will result in a better
graft survival and provide the possibility to taper the
immunosuppressive treatment.
Recent data suggest that the immunogenicity of HLA
mismatches may differ and that some HLA mismatches,
the so-called acceptable mismatches, are hardly recognized by the immune system of the recipient. This
knowledge should lead to a different strategy for donor
selection. In the past donor selection was based on
structural matching (donor and recipient must have
exactly the same HLA molecules), while future donor
selection should be based on functional matching (the
immune system of the recipient should not, or only
weakly, react to the donor).
There are essentially two approaches to determine which
donor/recipient combinations are likely to meet the criteria
of a functional match.
One is based on population studies where the immunogenicity of specific HLA mismatches is determined by
retrospective analyses of graft survival data. The other is a
more individual approach, where the alloimmune repertoire
of the patient is monitored in vitro with functional assays
that are predictive for the in vivo immune response by
alloreactive T and B lymphocytes.

HLA-DR antigens, may be predictive for the strength of an
alloimmune response.
HLA-DR6 positive recipients have been described to be
high responders as they are more likely to reject HLA
mismatched kidney grafts [6] whereas HLA-DR1 positive
recipients have been suggested to be low responders [7].
Similarly, certain HLA-DR mismatches in the donor,
such as HLA-DR6 have shown to be less immunogenic than
other ones [8].
However, such association studies focussing on only a
recipient or a donor antigen are too simplistic and do not
take into consideration that a specific immune response is
the product of the interaction between the immune system of
the recipient and the specific target antigen involved. For
this reason, the immunogenicity of an HLA mismatch
should always be considered in the context of the patients
own HLA antigens. On basis of this principle, Maruya et al.
[9] were able to define acceptable or, as they call them,
permissible HLA class I mismatches. Donor – recipient
combinations with permissible mismatches had a similar
graft survival as completely HLA identical grafts.
On the other hand Doxiadis et al. [10] could demonstrate
that certain HLA class I mismatches are highly immunogenic in patients with some HLA phenotypes and not in
patients with another phenotype.
For instance graft survival of kidneys with a single HLAB7 mismatch was significantly lower in patients, who are
HLA-A1 positive (45% after 5 years) compared to HLA-A1
negative recipients (75% after 5 years). These studies have
led to the definition of several taboo mismatches, which are
specific donor/recipient combinations that lead to a very
poor graft survival and should be avoided.
It should be noticed that in these population studies,
acceptable and taboo mismatches are defined by a better or
poorer graft survival when groups of patients are compared
(Fig. 1) These definitions do not have a direct implication
for the individual patient. Patients with acceptable misGraft survival of acceptable and
taboo mismatches
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3. The identification of acceptable and taboo mismatches
in clinical kidney transplantation
Retrospective analyses of graft survival data showed that
the HLA phenotype of the recipient, and especially the

Fig. 1. Graft survival of kidneys from donors with a single HLA match
qualified as taboo mismatch () is significantly poorer than that of HLA
identical grafts. In contrast, survival of kidneys from donors with a single
HLA mismatch not qualified as a taboo mismatch (i.e. acceptable mismatch
(h)) has a similar graft survival as HLA identical donor kidneys.
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matches may reject their grafts while patients with taboo
mismatches may experience an excellent graft survival.
The immunological history of the individual patient,
which plays a determinative role in shaping the immune
repertoire, is not taken into account.
Prior exposure to a taboo mismatch in the form of a noninherited maternal HLA antigen (NIMA) may have down
regulated the immune repertoire of a child [11] while
previous blood transfusions may have affected the alloimmune repertoire of the recipient in a similar way [12].
On the other hand, presensitization of the patient may
lead to a more vigorous immune response to the acceptable
mismatches. Here viral infections may play a role as well.
Antiviral T-cell responses can have a direct impact on the
alloreactive T-cell repertoire [13] confirming that T-cell
alloreactivity against mismatched HLA antigens is based on
crossreactivity of T cells recognizing foreign viral peptides
in the context of self HLA molecules.
Therefore, retrospective population studies can give an
indication of the chance that graft survival of a particular
donor –recipient combination is good or bad, but other
parameters are necessary to select the optimal HLA
mismatched donor for an individual patient.

4. Inventory of the alloreactive T-cell repertoire
As T cells play a crucial role in early acute graft rejection,
it is an alternative option to select an HLA mismatched
donor on basis of a low T-cell alloreactivity of the patient.
The classical assays to measure T-cell alloreactivity against
HLA class I and class II mismatches. CML (Cell-MediatedLympholysis) and MLR (Mixed Lymphocyte Reactivity) are
not really quantitative assays and have only a limited
prognostic value for the in vivo situation [14,15].
With the introduction of limiting dilution assays, it
became possible to quantify alloreactive T-cell precursor
frequencies (CTLp; [16,17]. These assays revealed that
different individuals have different T-cell precursor
frequencies for the same HLA mismatches and every
individual has different T-cell precursor frequencies
against different HLA mismatches [18]. A clinical
relevance for these assays is suggested by the fact that
cytotoxic T-cell precursor frequencies against acceptable
mismatches are significantly lower than CTLp against
immunogenic HLA mismatches [19,20]. Several studies
suggest that a very low CTLp frequency is predictive for
a low incidence of graft-versus-host disease after HLA
mismatched bone marrow transplantation [21,22] while a
recent study in renal transplant recipients showed that
successful tapering of immunosuppression is possible if
the patient has very low donor specific CTLp frequencies. In case of high donor specific CTLp frequency
rejection often occurred [23]. What is the reason that Tcell precursor frequencies against HLA alloantigens differ
so much?
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First of all, the number of epitopes mismatched between
the target antigen and the recipients HLA antigens is a
determinative factor. In case of only a limited number of
amino acid mismatches and a similar peptide binding
repertoire in the pocket, hardly any CTLps can be detected
in, e.g. the combination of Cw*0303 versus Cw*0304 [24].
On the other hand, the degree of mimicry between the
mismatched HLA antigen and the combination of autologous HLA molecules and viral peptides may play a
determinative role. A classical example is the high
frequency of CTLs directed against HLA-B14 and HLAB35 in EBV infected HLA-B8 positive individuals [25].
Earlier exposure to the mismatched HLA antigen may
influence the T-cell repertoire in two ways. It may either
lead to activation of the T-cell repertoire and the formation
of memory cells or to the induction of regulatory T cells, a
topic which is discussed elsewhere in this volume.
With regard to presensitization, it may be useful to
distinguish the contribution of primed versus naı̈ve CTLs to
the cytotoxic activity in the LDA assay.
Primed CTLs have a higher avidity for the target antigens
and are resistant to anti-CD8 antibodies, whereas the
reactivity of naı̈ve CTLs is blocked by this antibody
treatment [26]. Furthermore primed CTLs can be distinguished from naı̈ve CTLs on basis of their resistance to
Cyclosporine A [27].
The situation is far more complex when the options for a
predictive assay for alloreactivity by CD4+ T cells are
considered. This is not surprising since different types of
CD4+ T cells may become activated in an allogeneic
situation. Some of these T cells react to donor class II
antigens on the basis of direct recognition, others recognize
donor peptides in the context of self HLA class II, a
phenomenon called indirect recognition. Furthermore, CD4+
T cells may both function as helper cells (Th1/Th2) but also
as regulatory cells.
Therefore it is obvious that the detection of acceptable
mismatches for CD4+ T cells is far more complicated than
the detection of acceptable HLA class I antigens.

5. Inventory of the alloreactive B-cell repertoire
Besides to alloreactive T cells, alloantibodies may play a
crucial role in graft rejection. While hyperacute rejection is
due to preformed donor specific HLA antibodies [28],
chronic graft rejection is often associated with HLA
antibody formation as well [29]. It would be convenient to
predict before transplantation that certain HLA mismatches
can be considered as acceptable mismatches in order to limit
the risk that the patient will form antibodies against the
mismatched donor antigens.
HLA antigens that belong to a cross-reactive group
(CREG) with the patient’s own HLA antigens have a lower
chance to induce alloantibodies [30] but transplantation with
a donor carrying CREG mismatches is not a guarantee that
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HLA mismatches at the triplet level

Donor m.m B18

Patient:

B7

Immune system of the recipient recognizes:
Classical approach: a single HLA mismatch
HLAMatchmaker: 11 triplet mismatches

b

HLAMatchmaker approach
B18

Patient: B7

B52
A33

Immune system of the recipient recognizes: no triplet mismatches!
Fig. 2. (a) Classical view of the alloimmune response to a single mismatch
(patient HLA-B7, donor HLA-B18): the patient will recognize HLA-B18 as
a foreign antigen. HLAMatchmaker view: 11 triplet epitopes on HLA-B18
are potential targets for alloantibodies. (b) Principle of HLAMatchmaker is
inter and intra-comparison of triplets. In this particular patients all triplets
mismatched between HLA-B18 and HLA-B7 are shared by the other HLA
alleles of the patient. Final interpretation: no foreign triplets on B18 and
therefore no alloantibody induction.

no antibodies will be formed and certainly not a guarantee
that no alloreactive T cells will become activated [31].
Similar to the in vitro tests for alloreactive T cells,
limiting dilution assay has been established to quantify B
lymphocytes that are able to produce specific antibodies
against a particular HLA mismatches [32]. However, these
assays are only successful in presensitised recipients, as
precursor frequencies are only found for those HLA
antigens toward which the patients had preformed HLA
alloantibodies. They have no predictive value in nonimmunized recipients, who receive a mismatched transplant.
A recently developed computer algorithm, taking advantage of the fact that the amino acid sequences of all HLA
molecules are known, is more useful in this respect. The
algorithm of this HLA matchmaker program [33] is based
on the concept that immunogenic epitopes for B cells are
represented by amino acid triplets on those parts of the HLA
molecules that are accessible for antibodies. The principle of
the program is that a patient does not make antibodies to
self-triplets.
By both intra- and interlocus comparisons of triplets on
the patients own HLA molecules and the mismatched HLA
antigen, the program can predict the immunogenicity of a
particular mismatch [34]. If no triplet mismatches are
present, the patient is not supposed to make antibodies
(Fig. 2). We have validated this theoretical concept by
analysing the results of extensive antibody screening and

crossmatch results, which are routinely performed in our
laboratory to define acceptable mismatches for highly
sensitized patients [35]. In case of donors with an HLA
antigen mismatch but no triplet mismatches, antibodies were
never detected. This program gives also an explanation why
HLA-A2 recipients do not make antibodies against an HLAA28 mismatch (no unique triplets on HLA-A28) whereas
HLA-A28 positive recipients do make antibodies against
HLA-A2 (unique triplets, not share by other HLA molecules) [36].
Serum analysis of highly sensitized patients has permitted the identification of highly immunogenic triplets that
frequently induce specific antibodies whereas many other
triplets do not appear immunogenic [37]. Mismatching for
triplets with low immunogenicity has shown to increase the
number of compatible platelet donors for refractory thrombocytopenic patients [38].
This HLAMatchmaker program explains and is useful to
predict the presence of acceptable HLA mismatches.
However, epitope differences between the mismatched
HLA antigen and the HLA antigens of the patients are not
the only prerequisite for the effective induction of alloantibodies. Although B lymphocytes are able to produce IgM
antibodies on their own, CD4+ T helper cells are needed for
the induction of IgG alloantibodies.
Binding of allopeptides derived from the mismatched
HLA molecule into the groove of the class II molecules
from the patient is essential for the activation of these
CD4+ T helper cells, which by their interaction with B
lymphocytes will induce a class switch from IgM to IgG
alloantibodies.
As different HLA class II molecules can bind different
peptides, antibodies against specific HLA mismatches are
preferentially formed in patients with specific HLA-DR
antigens, e.g. antibodies against the Bw4 epitopes are
mainly found in HLA-DR1 and HLA-DR3 positive individuals [39].

6. Conclusion
Acceptable mismatches can be determined on the basis of
retrospective data on graft survival and by analysis of in
vitro T-cell reactivity while the HLA matchmaker algorithm
is especially instrumental for determination of acceptable
HLA mismatches with regard to the B alloimmune response.
Transplantation with HLA mismatches of low immunogenicity will lead to enhanced graft survival and a lower
incidence of (highly) sensitized retransplant candidates.
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