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HLAMatchmaker: A MOLECULARLY BASED ALGORITHM FOR
HISTOCOMPATIBILITY DETERMINATION. III. EFFECT OF

MATCHING AT THE HLA-A,B AMINO ACID TRIPLET LEVEL ON
KIDNEY TRANSPLANT SURVIVAL1
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Background. HLAMatchmaker is a recently devel-
oped computer-based algorithm to determine donor-
recipient HLA compatibility at the molecular level.
Originally designed for highly alloimmunized pa-
tients, this algorithm is based on the concept that im-

munogenic epitopes are represented by amino acid
triplets on exposed parts of protein sequences of
HLA-A, -B, and -C chains accessible to alloantibodies.
Donor HLA compatibility is determined by intralocus
and interlocus comparisons of triplets in polymorphic
sequence positions. For most patients, HLAMatch-
maker can identify certain mismatched HLA antigens
that are zero-triplet mismatches to the patient’s HLA
phenotype and should, therefore, be considered fully
histocompatible. The present study was designed to
determine how class I HLA matching at the triplet
level affects kidney transplant outcome.

Methods. We analyzed two multicenter databases of
zero-HLA-DR–mismatched kidneys transplanted from
1987 to 1999. One database consisted of 31,879 primary
allografts registered by U.S. transplant centers in the
United Network for Organ Sharing database and the
other consisted of 15,872 transplants in the Eurotrans-
plant program.

Results. HLA-A,B mismatched kidneys that were
compatible at the triplet level exhibited almost iden-
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tical graft survival rates as the zero-HLA-A,B antigen
mismatches defined by conventional criteria. This
beneficial effect of triplet matching was seen for both
nonsensitized and sensitized patients and also for
white and nonwhite patients.

Conclusions. These findings suggest that the appli-
cation of HLAMatchmaker will increase the number of
successful transplants, at least in the HLA-DR match
combinations.

In kidney transplantation, the number of mismatched
HLA-A, -B, and -DR antigens generally determines the de-
gree of donor HLA compatibility. Many studies have shown
that zero-HLA antigen–mismatched transplants have the
highest success rates, and these findings have led to the
allocation policy of mandatory sharing of zero-mismatched
cadaver kidneys. Although only 9% of all cadaver kidney
transplants in the United Network for Organ Sharing
(UNOS) are zero-antigen mismatches (1), an organ allocation
based on HLA matching is disadvantageous for racial minor-
ity groups who have different HLA antigen frequencies than
the donor pool (2–5).

Another method for assessing donor-recipient compatibil-
ity considers public epitopes that are shared by HLA anti-
gens belonging to so-called cross-reactive antigen groups
(CREGs) (6–8). Such epitopes are largely determined by
alloantibodies, and they have been defined for class I anti-
gens encoded by the HLA-A and HLA-B loci. CREG matching
considers the broader groups of HLA-A,B antigens with
shared public epitopes rather than the specific HLA anti-
gens. It provides an alternative HLA-based organ allocation
system that would benefit more transplant candidates and
provide more access to better-matched organs for minorities
(9).

Several studies have suggested CREG matching is associ-
ated with graft survival rates that are better or comparable
to those allocated on HLA antigen matching (10–18), but
others have not found a beneficial effect of CREG matching
(19–23). The controversy about CREG matching is in part a
result of the difficulty in defining the exact spectrum of
public epitopes on all HLA antigens. The CREG matching
system in UNOS uses 10 CREGs, but the actual number of
public specificities seems to be considerably higher
(6–8,18,24). Amino acid sequence information on HLA anti-
gens has led to the identification of polymorphic residues
that correspond to many public epitopes and private HLA
antigens. Matching at the HLA residue level in retrospective
analysis resulted in graft outcome similar to zero HLA-B,
-DR–mismatched grafts (15,25), but a prospective analysis
has not demonstrated a comparable benefit (26).

This report deals with an alternative approach to deter-
mine donor-recipient HLA compatibility at the structural
level. HLAMatchmaker is a computer algorithm that consid-
ers each HLA antigen as a string of polymorphic amino acid
triplets in antibody-accessible positions of HLA molecules
(27–29). HLA compatibility is assessed at the structural level
by determining the differences in triplet combinations be-
tween donor and recipient HLA molecules. HLAMatchmaker
can identify HLA antigens that are mismatched by conven-
tional criteria, but because they share all their triplets with
the patient, they must be considered fully compatible at the
epitope level. This program has been particularly useful in

the identification of compatible donors for highly sensitized
patients (30,31).

The present study was designed to determine how class I
HLA matching defined by HLAMatchmaker affects kidney
transplant outcome. The analysis was performed with the
UNOS and the Eurotransplant databases of zero-HLA-DR–
mismatched transplants. We have found that HLA-A,B mis-
matching at the triplet level is associated with almost iden-
tical graft survival rates as the zero HLA-A,B antigen
mismatches defined by conventional criteria.

MATERIALS AND METHODS

We analyzed two large cadaver kidney transplant databases. One
consisted of 31,879 zero-DR–mismatched kidneys transplants in the
United States from 1987 to 1999 and reported to the UNOS Scientific
Registry. The second database comprised 15,872 zero-DR–mis-
matched kidney transplants in Austria, Belgium, Germany, Luxem-
bourg, The Netherlands, and Slovenia from 1987 to 1999 and re-
ported to the Eurotransplant Registry. Sensitized patients with a
pretransplantation panel-reactive antibody (PRA) of more than 50%
were considered separately from nonsensitized patients with a PRA
less than 10%.

Serologic HLA-A and HLA-B typing information of recipients and
donors was retrieved from the databases, and the HLA antigens
were converted into strings of polymorphic triplets applying a pre-
viously described computer algorithm (29). There are 113 polymor-
phic triplets distributed over 30 positions in HLA-A molecular se-
quence and 27 positions in the HLA-B molecular sequence.
HLAMatchmaker assesses compatibility between donor and recipi-
ent by determining what triplets on donor HLA antigens are present
or absent on any of the patient’s own HLA antigens. A triplet in a
given sequence position of a donor HLA antigen is considered a
match if the recipient has this triplet in that position of any of its own
HLA class I antigens. HLA compatibility is assessed by determining
the total number of mismatched triplets on the HLA antigens of the
donor. Certain HLA antigens are mismatched by conventional crite-
ria but turn out to be fully compatible at the triplet level (29). The
Microsoft Excel version of the HLAMatchmaker program can be
downloaded from the http://tpis.upmc.edu website.

This triplet-matching program was adapted to the UNOS and
Eurotransplant databases, and standard Kaplan-Meier methods
were applied to determine actuarial graft survival rates with death
considered graft loss in the various match groups. Statistical signif-
icance was determined by log-rank comparisons of survival rates
using two-sided P values.

RESULTS

This analysis was performed with two databases of zero-
HLA-DR–mismatched transplants. The distribution of the
HLA-A,B antigen mismatches was different between the
UNOS and Eurotransplant databases; this might be related
to differences in organ allocation policies in these programs.
UNOS had a higher percentage of zero-HLA-A,B mismatches
than Eurotransplant: 31.1% versus 21.6% (Table 1); this
might be a result of the larger waiting list of patients in
UNOS (32). On the other hand, the higher percentages of
one- and two-HLA-A,B antigen mismatches in Eurotrans-
plant reflects a greater emphasis on minimizing the number
of mismatched HLA antigens in the mismatches (24). Over-
all, the average number of HLA-A,B mismatches was slightly
higher for the UNOS transplants than the Eurotransplant
cases (1.80 versus 1.65). The 5-year graft survival rates for
zero-HLA-DR–mismatched transplants were 71.4% in recip-
ients in the UNOS database and 76.8% in patients in the
Eurotransplant database.
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Figure 1 shows the graft survival rates for zero-HLA-DR–
mismatched recipients, stratified by the number of HLA-A,B
antigen mismatches. As expected, the zero mismatches had
the highest success rates for both UNOS and Eurotransplant
patients and graft survival decreased in a stepwise manner
with increasing numbers of HLA-A,B antigen mismatches.

Analysis of the UNOS Data

The primary goal of this study was to compare the graft
survival rates of the zero-HLA-A,B antigen mismatches with
those HLA-A,B antigen mismatches that are compatible at
the triplet level. Of the 21,270 zero-HLA-DR–mismatched
cases with HLA-A,B antigen mismatches reported to the
UNOS database, there were 183 cases that had zero-triplet
mismatches. Graft survival rates were nearly identical be-
tween the patients with zero-triplet mismatches and those
with zero-HLA-A,B,DR antigen mismatches. Recipients with
one-triplet (n�32) and two-triplet mismatches (n�36) had
similar survival rates, so we combined the zero-, one-, and
two-triplet mismatches in a triplet match group (n�251).
Figure 2 shows that this group had almost identical survival
rates as the zero-HLA-A,B antigen mismatches. Recipients
with 3- to 10-triplet mismatches and those with greater than
10-triplet mismatches had significantly lower graft survival
rates (P�0.001).

The beneficial effect of matching at the triplet level was
seen in both white and nonwhite recipients (Table 2). Two-
year graft survival rates are shown because the number
(n�64) of nonwhite recipients (mainly African Americans)
was too small for a longer follow-up interval. It should also be
noted that the graft survival rates of the 3 to 10 and the
greater than 10 triplet-mismatched groups were lower for
nonwhite and white recipients.

The impact of triplet matching on sensitized and nonsen-
sitized patients was also examined in the UNOS database
analysis. Overall, sensitized patients with PRA greater than
50% (n�4,033) had poorer graft survival than unsensitized
patients with PRA less than 10% (n�22,280). It is interesting
to note that although the numbers are small, when stratified
in this way, patients with zero- to two-triplet mismatches
had graft survival rates similar to the zero-HLA-A,B anti-
gen–mismatched transplants and strikingly higher than
those with more than two-triplet mismatches (Table 3).
These data suggest that the beneficial effect of triplet match-
ing applies equally to sensitized and nonsensitized trans-
plant recipients.

TABLE 1. Proportions of zero-HLA-DR–mismatched kidney
transplants with different numbers of HLA-A,B antigen
mismatches in the UNOS and Eurotransplant databases

Number of mismatched
HLA-A,B antigensa UNOS Eurotransplant

0 31.1% 21.6%
1 9.1% 22.3%
2 21.8% 30.6%
3 24.9% 20.2%
4 13.1% 5.3%

a Average number of mismatched HLA-A,B antigens: UNOS, 1.80;
Eurotransplant, 1.65.

FIGURE 1. Five-year graft survival rates of zero-HLA-DR–
mismatched primary kidney transplants with zero to four
HLA-A,B antigen mismatches in the UNOS and Eurotrans-
plant databases.

FIGURE 2. Effect of HLA-A,B triplet matching on 5-year graft
survival rates of zero-HLA-DR–mismatched kidney trans-
plants in the UNOS database.
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Analysis of the Eurotransplant Data

The Eurotransplant database had a somewhat different
distribution of HLA-A,B antigen mismatches than the UNOS
database. Although the proportion of zero-antigen mis-
matches was smaller (i.e., 21.6% vs. 31.1%), Eurotransplant
had higher percentages of one-antigen mismatches (22.3%
vs. 9.1%) and two-antigen mismatches (30.6% vs. 21.8%)
than UNOS (Table 1). Also, the numbers of cases with zero
and few triplet mismatches were considerably higher and
this permitted a more detailed analysis of the association of
graft survival and the number of triplet mismatches. Table 4
compares the graft survival rates during a 5-year interval
between the zero-HLA-A,B antigen mismatches (n�3426)
and the HLA-A,B mismatches grouped according to the num-
ber of mismatched triplets. Overall, graft survival correlated
significantly with the number of mismatched triplets
(P�0.001). The zero-triplet mismatches (n�231) and the one-
triplet mismatches (n�218) had almost the same graft sur-
vival rates as the zero-HLA-A,B antigen mismatches. For
instance, the 5-year graft survival rate was 76.0% for the
combined group of zero- and one-triplet mismatches (n�449)
and 76.8% for the zero-HLA-A,B antigen mismatches. The
two-triplet mismatch group had a lower graft survival rate
than the zero- and one-triplet mismatches, but the difference

was statistically not significant. Interestingly, the graft sur-
vival rates of the three- and four-triplet mismatch groups
were similar to those of the zero- and one-triplet mismatches.
Mismatching for five and more triplets was associated with
significantly lower graft survival rates (P�0.001).

Altogether, these results demonstrate that matching at the
triplet level is associated with excellent kidney transplant
survival and that mismatching for up to two triplets has no
significant adverse effect. The numbers of cases with high
serum PRA values were too small for a meaningful analysis
of a triplet matching effect on graft survival in sensitized
patients. Also, insufficient numbers of cases were available
in the Eurotransplant database to compare white and non-
white recipients.

DISCUSSION

This analysis of two databases of zero-HLA-DR–mis-
matched kidney transplants provides evidence that HLA-A,B
antigen mismatches with compatible amino acid triplets
have similar graft survival rates to those with zero-HLA-A,B
antigen mismatches. The practical implication of this finding
is the possible use of the HLAMatchmaker algorithm to in-
crease the number of well-matched transplants. Further-
more, triplet matching may benefit sensitized patients and
nonwhite transplant candidates, for whom it is difficult to
find donors with good matches.

In the UNOS database of zero-HLA-DR mismatches, the
number of zero- to two-triplet mismatches represented only
251 (or about 1%) of the 21,270 HLA-A,B antigen–mis-
matched cases. In Eurotransplant, almost 7% of the 12,374
HLA-A,B antigen-mismatched cases had zero- to two-triplet
mismatches. This finding indicates that the triplet matching
algorithm will increase the availability of HLA-compatible
donors. In an accompanying article, we address this issue
and how the application of HLAMatchmaker will increase
the probability of finding a suitable donor (33).

Why do the zero-triplet and few-triplet mismatched trans-
plants appear so successful? Designed originally for highly
sensitized patients (27,28), the HLAMatchmaker algorithm
considers only triplets that are in antibody-accessible posi-
tions of the HLA molecular structure. HLA-specific antibod-
ies play a major role in graft rejection (34), and matching at
the humoral immune level (i.e., for epitopes recognized by
such antibodies) can be expected to improve graft survival.
HLA compatibility must also consider cellular immune mech-
anisms of graft rejection, such as class I HLA-specific cyto-
toxic T lymphocytes and indirect allorecognition of processed
donor class I HLA antigens presented by recipient CD4 T
cells. Although HLA matching at the cellular immune level
must use different structural criteria (they are currently not
defined), this humoral immunity-based matching strategy

TABLE 2. Triplet matching and two-year graft survival rates
of zero-DR–mismatched kidneys in white and nonwhite

recipients in the UNOS database

White
recipients

Nonwhite
recipients

n
Graft

survival
rate

n
Graft

survival
rate

0 A,B Antigen mismatches 9199 86.1% 1410 84.6%
0–2 Triplet mismatches 187 88.6% 64 87.6%
3–10 Triplet mismatches 3037 82.1% 1023 78.7%
�10 Triplet mismatches 11464 82.2% 5495 76.9%

TABLE 3. Triplet matching and two-year graft survival rates
of zero-DR–mismatched kidneys in sensitized and non-

sensitized recipients in the UNOS database

Nonsensitized
patients

Sensitized
patients

n
Graft

survival
rate

n
Graft

survival
rate

0 A,B Antigen mismatches 6970 87.4% 2055 81.2%
0–2 Triplet mismatches 173 89.2% 44 83.4%
3–10 Triplet mismatches 2789 83.7% 508 71.7%
�10 Triplet mismatches 12348 82.1% 1426 74.3%

TABLE 4. Effect of HLA-A,B triplet mismatching on graft survival of zero-HLA-DR–mismatched kidneys in Eurotransplant

Mismatch group 0 AB Ag 0 trp 1 trp 2 trp 3 trp 4 trp 5–9 trp 10–19 trp 20–29 trp

Number of recipients 3426 231 218 377 450 629 3448 6078 943
% Graft survival after

1 yr 89.3 89.2 86.7 85.7 89.1 88.4 85.1 85.4 84.3
2 yr 87.1 85.1 84.3 82.1 86.7 84.1 81.5 80.6 80.0
3 yr 83.7 82.3 80.7 78.3 82.4 81.1 77.4 76.7 76.1
5 yr 76.8 75.6 76.4 72.9 75.4 75.9 69.9 69.8 68.5

Ag, antigen; trp, triplet.
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permits the identification of triplet matches among the zero-
HLA-DR mismatches that have the same high success rates
as the conventional zero-HLA-A,B,DR mismatches.

We have also obtained evidence that kidney transplants
mismatched for one or a few triplets may have equal graft
survival rates as the zero-triplet mismatches. The Euro-
transplant data seem to indicate excellent survival rates of
kidney transplants with up to four mismatched triplets.
These findings raise questions about the immunogenicity of
triplets, and some of them may not play a determining role in
matching. Indeed, a recent serologic analysis of sera from
highly sensitized patients has identified several triplets with
low immunogenicity in terms of specific antibody formation
(29).

In this study, the assignment of triplets to HLA antigens
does lack precision because HLA typing was performed
largely by serologic methods that cannot test for molecular
subtypes. DNA-based typing will permit the definition of
HLA subtypes and accurate assignments of polymorphic
triplets.

The triplet polymorphism of HLA-C was not considered in
this analysis because no reliable HLA-C typing information
was available in the two databases. Many HLA-C antigens
are in linkage disequilibrium with certain HLA-B antigens
(35). Therefore, a zero-HLA-B antigen mismatch is likely a
zero-HLA-C antigen mismatch. On the other hand, a donor
HLA-A,B phenotype with one or more mismatched antigens
may more likely also have a HLA-C antigen incompatibility
even if the mismatched HLA-A,B antigens are triplet
matches. Fortunately, many incompatible HLA-C antigens
are zero-triplet or a few-triplet mismatches (28). The excep-
tion is HLA-Cw7, for which the polymorphic triplet reper-
toire is different than for the other HLA-C antigens. With
currently available DNA typing methods for HLA-C typing
and the application of the triplet-matching algorithm, it
might become possible to fully assess the role of HLA-C
matching in transplantation.

Many triplets seem to be equivalent to public epitopes
expressed by CREGs of HLA antigens. For most patients,
HLAMatchmaker can identify mismatched HLA antigens
that are fully compatible at the triplet level. Many of them
cross-react with HLA antigens of the patient, and this is in
accordance with the CREG matching concept in kidney
transplantation. CREG matching emphasizes the sharing of
public epitopes between donor and recipient HLA antigens.
Certain HLA antigens, however, carry private epitopes with
considerable immunogenic potential and mismatching for
them might be detrimental. This may explain why the ben-
eficial effect of CREG matching on kidney transplant out-
come remains controversial (10,16,17,20,21,23). HLAMatch-
maker permits a fine tuning of the CREG matching
algorithm because it considers the structural organization of
public and private epitopes.
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HLAMATCHMAKER: A MOLECULARLY BASED ALGORITHM FOR
HISTOCOMPATIBILITY DETERMINATION. IV. AN ALTERNATIVE

STRATEGY TO INCREASE THE NUMBER OF COMPATIBLE
DONORS FOR HIGHLY SENSITIZED PATIENTS1

RENE J. DUQUESNOY,2,4 JUDY HOWE,2 AND STEVE TAKEMOTO3

Background. HLAMatchmaker is a computer algo-
rithm that determines human leukocyte antigen
(HLA) compatibility at the level of polymorphic amino
acid triplets in antibody-accessible sequence posi-
tions. Recent studies have shown that HLA-DR–
matched kidney transplant recipients with zero to two
triplet mismatches had almost identical graft survival
rates as those with zero HLA-A,B,DR antigen mis-
matches. This report describes how HLAMatchmaker
can be used to identify more compatible donors for
highly sensitized patients.

Methods. The HLAMatchmaker program was used to
calculate the probability of finding a donor (PFD) with
zero, one, or two triplet mismatches for 54 highly sen-
sitized patients waiting for a kidney transplant and
having panel reactive antibody (PRA) values greater
than 85% and 50 randomly selected nonsensitized pa-
tients with PRA values less than 3%.

Results. There was a wide variability for PFD values
for the two patient cohorts. If only donors with zero
HLA-A,B mismatches were deemed acceptable for re-
cipients, the median PFD of a zero-antigen mismatch
was 0.046% for nonsensitized patients and 0.009% for
highly sensitized patients (P�0.007). Half of the highly

sensitized patients had a PFD below 0.01%, or fewer
than 1 in 10,000 donors would have zero antigen mis-
matches. Application of HLAMatchmaker identified
additional HLA antigens with zero-triplet mismatches
for 27 patients, resulting in a 1.8-fold increase in PFD.
Considering additional antigens with one-triplet or
two-triplet mismatches increased the PFD by an addi-
tional 3.8-fold and 13.7-fold, respectively. Acceptable
antigen mismatches for 37 of the 54 highly sensitized
patients were identified by consistently negative reac-
tions in serum screens, and their addition resulted in
a 12.7-fold increase of the PFD to a median of 0.141%.
Applying these acceptable antigens to the HLAMatch-
maker algorithm identified additional antigens with
zero or acceptable triplet mismatches and their inclu-
sion increased the PFD by 3.3-fold to 0.347%.

Conclusions. HLAMatchmaker offers a valuable
strategy for identifying more suitably HLA-matched
donors and has the potential for alleviating the prob-
lem of accumulation of highly sensitized patients on
the transplant waiting list.

The beneficial effect of human leukocyte antigen (HLA)
matching on kidney transplantation is well known. A zero-
HLA-A,B,DR antigen mismatch is associated with the high-
est survival rates of cadaver kidney transplants and man-
dates the obligatory sharing of such matched kidneys.
Nevertheless, small proportions of cadaver kidney trans-
plants are matched at this level (1). During recent years, the
concept of HLA matching within cross-reacting groups
(CREG) of HLA-A and HLA-B antigens has been applied to
increase the allocation of suitably matched kidneys (2–7).
Many studies have shown, however, that CREG-matched
kidneys have lower graft survivals than the zero-antigen
mismatches (8–12).
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