






RESULTS

The first cohort: threshold determination: The thresholds with
the highest predictive power possessed 220 eplets2 for the
tolerance factor and 10 eplets for HLA-class I
histocompatibility. The resulting hazards ratios regarding
immune reactions were 2.22 for the tolerance factor and 3.63
for histocompatibility at HLA-class I loci A and B (Table 4).
This means that the risk of immune reactions increases 2.22-
fold in the patients with a tolerance factor >220 eplets2. The
loosely HLA-class I-matched subgroup’s risk of immune
reactions is 3.63 times higher than that of the more closely
matched patients. Both factors proved to be additive in a third

Cox proportional hazards model: the hazards ratio of both
binomialized factors combined to a single factor by means of
addition was also highly predictive for immune reactions
(hazards ratio 2.66; p<0.01).

The second cohort: confirmatory analysis: Both the
binomialized tolerance factor and binomialized HLA-class I
histocompatibility also predicted immune reactions in the
second (confirmatory) cohort (Table 5). Again, both factors
proved to be additive in a separate Cox proportional hazards
model (hazards ratio 1.70; p<0.01). The corresponding
Kaplan–Meier curve appears in Figure 1, illustrating our
findings’ clinical benefit.

TABLE  5. VALIDATION  OF THE THRESHOLDS FOR HLA- CLASS I HISTOCOMPATIBILITY  AND THE TOLERANCE  INDUCTION  FROM TABLE  4.

Factor Hazards ratio p-value
Tolerogenic factor higher than 220 eplets 2.00 <0.01
More than 10 HLAMatchmaker eplets at HLA-A/-B 1.50 0.02
Risk estimation at time of keratoplasty (low versus high risk) 0.56 <0.01

        This Cox model is fitted to cohort 2 comprising of 975 consecutive patients. The model is adjusted for low- versus high-risk
         keratoplasties. Immune reactions were the only endpoint.

Figure 1. Kaplan–Meier estimations of
rejection free survival for the 975
patients in cohort 2. The HLA-class I
matched (less or equal 10 mismatched
HLAMatchmaker eplets) and non-
matched (>10 mismatched
HLAMatchmaker eplet  ) sub-groups
are displayed separately. More immune
reactions occur when tolerance factor
higher than 220 eplets   (light gray) in
comparison to keratoplasties with the
tolerance factor lower or equal than 220
eplets2 (dark gray). This difference
seems to be even more pronounced in
the non-HLA-class I matched subgroup.
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DISCUSSION

Our findings clearly indicate that matching for HLA-class I
using the HLAMatchmaker can prevent immune reactions in
normal- and high-risk keratoplasty. This finding has been
previously reported [14] and is in line with other reports on
the conventional HLA-matching effect in keratoplasty
[18-20].

Paradoxically, matching at HLA-DR can further reduce
the risk of immune reactions when HLA-class I is only loosely
matched. We herein ascribe this unexpected finding to the
induction of operational tolerance. Our interpretation is
guided by the circumstance that close matches at SLA-class
II induce allo-specific tolerance in a large animal model of
kidney transplantation, despite mismatches at SLA-class I
[9]. This HLA constellation also seems to prolong kidney graft
survival in the clinical setting [8,11]. Moreover, the immune-
modulating effect of HLA-DR-shared allogeneic blood
transfusions on the allo-immune response after kidney
transplantation (”pre-transfusion-effect”) has been linked to
tolerance induction [12].

We speculate that on the cellular level, donor-derived
antigen-presenting cells (APCs) expose transplantation
antigens that are derived from mismatched HLA-class I
epitopes. These APCs can be modulated by IL-10 to
specifically promote a regulatory immune response toward
exposed HLA-class I-derived antigens [21]. Recent findings
indicate that IL-10 may in fact be upregulated in post-
keratoplasty eyes [22]. Such modulated APCs may give rise
to allo-specific CD4+ regulatory T-cells (Tregs) provided
donor and recipient share enough HLA-DR-derived eplets.
These Tregs may eventually permanently down-regulate the
allo-immune response toward the organ donor [23].

Interestingly, HLA-DR matching is controversial in
keratoplasty. Concordance at the HLA-DR locus has even
been suspected of reducing graft survival in a meta analysis
[24]. However, DR-locus matching proved beneficial in a
large monocentric keratoplasty cohort [18]. This paradox was
ascribed to presumed HLA-typing errors in the older
investigations [18]. An alternative interpretation may result
from the interaction with HLA-class I histocompatibility that
we are proposing. According to the equation presented above
(Methods), unfavorable constellations with respect to
tolerance  induction  can  occur when  the  HLA-class I and
HLA-class II loci are not matched very closely.

While HLAMatchmaker was designed with antibody
epitopes in mind, we presume that the concordance at the
HLAMatchmaker eplet level also concurs with T-cell
reactivity to some extent. This assumption is strengthened by
our analysis of HLA-class I histocompatibility, although it is
based on the older ('triplet') version of HLAMatchmaker
[14]. We are aware of no other investigation on the newer
HLAMatchmaker class I/class II eplets in this context.

The statistical power in our investigation was reduced
because all the HLA-class I types had been performed at low
resolution. Our approach was to select the most likely four-
digit HLA-alleles based on German allele frequencies. This
approach inevitably resulted in ambiguities when assigning
the HLAMatchmaker eplets. The size of the actual effect from
our approach (Figure 1) would thus probably have been higher
based on high resolution typing.

Striving for utmost coincidence between donor and
recipient is associated with waiting times over a year in most
situations [6]. Herein we describe a method than can identify
a small subset of donor-recipient combinations especially at
risk of immune reactions. This subset is identified from
unfavorable donor-recipient HLA constellations with respect
to tolerogenicity, as well as HLA-class I histocompatibility.
Thinking translationally, it would be feasible to prospectively
and systematically avoid these rather rare graft-recipient
constellations in the clinical routine. The additional benefit
from actively seeking HLA class I compatible and
tolerogeneic donors could be reserved for high-risk patients
and/or discussed with the patients individually.

In summary, our findings suggest a substantial benefit
from the systematic typing of all donors and patients,
preferably with resolution at four-digit alleles. On this basis,
long-term prognosis in keratoplasty may be improved in the
future.
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