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Delayed allograft function (DGF) is a common adverse event in
postrenal transplantation. The etiology of DGF is thought to
include both nonimmunologic (donor age, cold ischemia time, and
recipient race) and immunologic factors. We examined the associ-
ation of DGF with amino acid mismatches at 66 variable sites of the
HLA-A molecule in a prospective cohort study of 697 renal trans-
plant recipients of deceased donors. Using a multivariate logistic
regression model adjusted for nonimmunologic risk factors, we
show that combinations of a few amino acid mismatches at crucial
sites of HLA-A molecules were associated with DGF. In Caucasian
recipients, a mismatch at position 62, 95, or 163, all known to be
functionally important within the antigen recognition site, was
associated with an increased risk for DGF. Furthermore, a de-
creased risk for DGF was associated with a mismatch at HLA-A
family-specific sites (149, 184, 193, or 246), indicating that evolu-
tionary features of HLA-A polymorphism separating HLA-A fami-
lies and lineages among donor-recipient pairs may correlate with
the magnitude of alloreactivity influencing the development of
DGF. These findings suggest that amino acid polymorphisms at
functionally important positions at the antigen recognition site of
the HLA-A molecule have a significant influence on DGF.

HLA alleles � kidney transplantation � HLA mismatches � MHC

Major histocompatibility complex (MHC) genes were orig-
inally discovered (1) because of their role in tissue rejec-

tion in mammals (1, 2). In clinical transplantation, HLA alloan-
tigens represent a formidable barrier to successful
transplantation; HLA mismatches are associated with acute
allograft rejection and allograft loss (3, 4). Historically, acute
rejection was the principal clinical challenge after renal trans-
plantation and a primary determinant of transplantation out-
come. With the introduction of potent immunosuppressive treat-
ment, the frequency of acute rejection episodes after kidney
transplantation from deceased donors has been reported at less
than 20% (4–6). Increasing attention is being focused on delayed
allograft function (DGF), a more common continuing obstacle
to successful renal transplantation. DGF is a major adverse event
associated with an increased incidence of rejection and a reduced
graft survival (7–9). Although the clinical severity of DGF varies,
it is conventionally defined as the need for dialysis in the first 7
days after transplantation. The rate of DGF after kidney trans-
plantation from deceased donors ranges between 15 and 50% (10).

The etiology of DGF is not well understood but is thought to
include both immunologic and nonimmunologic components
(10). The exact contribution of DGF to allograft loss is debat-
able, and although DGF has been found to be a predisposing
factor for acute rejection and decreased allograft survival, the
exact relationship between DGF and acute rejection remains
controversial. There is evidence that immunologic events can
up-regulate immune response and may increase alloreactivity,
resulting in an increased risk for acute rejection (10). The main
clinical risk factors for DGF are increasing donor age, recipient

race, longer cold ischemia time (CIT), and the presence of
anti-HLA antibodies (10).

In renal transplantation, organ alloreactivity may play a
significant role in the development of DGF. However, the
influence of the degree of HLA-A, -B and -DRB1 matching on
DGF remains unclear. Because in renal transplantation HLA
matching is only performed at the antigen level, the effect of
HLA mismatches at the molecular amino acid level on organ
alloreactivity and allograft function has remained largely unex-
plored. There are two major classes of HLA molecules, termed
class I and class II. Class I molecules are heterodimers, com-
posed of a single-membrane-spanning � chain paired with a
soluble �2 microglobulin protein. The � chain includes three
distinct segments: �1, �2, and �3. The �3 region has an Ig-like
fold, whereas the membrane distal �1 and �2 segments form a
peptide-binding cleft consisting of two � helices overlying a floor
comprised of eight antiparallel �-stranded sheets (11–13). HLA
class II are also heterodimers comprised of two subunits, both
contributing to the formation of the antigen-binding site. Genes
encoding classical HLA molecules are extremely polymorphic,
representing the most polymorphic set of genes in the human
genome. Most classic HLA genes include a very large number of
allelic variants, and allele distribution varies widely according to
race and ethnicity. Most polymorphisms are associated with the
peptide-binding residues of the HLA class I (HLA-A, -B, and
-Cw) and HLA class II molecules (DR, DQ, and DP) (11). In
humans, allelic variations among the classic HLA class I and class
II gene products are the source of differential peptide binding,
thymic selection, and alloreactivity (11).

For this article, we examined the influence of the degree of
HLA-A, -B and -DRB1 matching on DGF in a cohort of
recipients of deceased donor renal transplants. Based on our
results, we further evaluated in a multivariate logistic regression,
adjusted for significant nonimmunological covariates, the asso-
ciation of amino acid mismatches at individual sites of an HLA-A
molecule with DGF. We discuss our findings in the context of
structural and functional correlates of amino acid polymorphism
of HLA-A molecules, and the potential application of this
approach to the complexity of HLA polymorphisms as they
relate to clinical transplantation.
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Results
Recipient and Donor Characteristics. A total of 705 donor-recipient
pairs were enrolled into a longitudinal cohort study of trans-
plantation, as previously described (14, 15). The racial distribu-
tion was as follows: 498 (70.6%) were non-African Americans
(AA) and 207 were AA (29.4%). Of the non-AA, 1.99% were
Asians, 1.56% were Hispanics, 0.52% were Asian Indians, and
0.17% were of other races. Eight were excluded from this
analysis because of missing data for delayed allograft function,
yielding 697. The characteristics of the study population are
shown in supporting information (SI) Table S1.

Association of HLA Allele Mismatches with DGF. In this cohort, the
frequency of HLA-A, -B, and -DRB1 antigen mismatches in
donor-recipient pairs and the degree and distribution of allele
mismatches among recipients with no mismatch or one antigen
mismatch were previously reported (14). In recipients with a zero
antigen (serologic) mismatch at HLA-A, -B, or -DR, the fre-
quency of one or two HLA allele (high resolution) mismatches
were 10.7%, 28.7%, and 47.2%, respectively, in the entire cohort.
Among recipients with one antigen mismatch at HLA-A, -B, or
-DR, additional allele mismatches were observed in 9.6%,
21.9%, and 33% respectively (14). None of three ordinal terms
for HLA antigen mismatches at the A, B, and DR loci was
associated with DGF in an unadjusted logistic regression model
(Table 1). However, HLA-A mismatches detected at the allele
level, adjusted for matching at the antigen level, were signifi-
cantly associated with DGF [Odds ratio (OR), 3.66; confidence
interval (CI), 1.7–7.7; P � 0.0007]. This association was atten-
uated, but remained significant (OR, 3.09; CI, 1.20–7.94; P �
0.02) in a multivariable logistic regression model adjusted for
recipient race, dialysis pretransplant, previous transplant, donor
age, and CIT (see Table 1). In contrast, HLA-B or -DRB1
mismatches at the allele level adjusted for matching at the
antigen level were not significantly associated with DGF (see
Table 1). Although the number of additional HLA-A mis-
matches detected at the allele level was relatively small (37 out
of 348), their effect, as measured by the OR (and accompanying
P-values) was significant, suggesting a potentially important
impact of these allele mismatches. These findings remained
similar after modeling HLA antigen mismatches categorically, as

0, 1, or 2 (data not shown). Interestingly, we have previously
reported in this cohort that HLA-A amino acid residues at
peptide contact sites were frequently mismatched among donor-
recipient pairs who have one or two mismatches at the allele
level, but are matched at the antigen level (14). These findings
suggested that amino acid mismatches at functionally important
sites may be associated with DGF and prompted us to evaluate
these potential associations further.

Identification of Candidate Amino Acid Mismatch Sites that Are
Associated with DGF. Amino acid sequence profiles covering the
antigen-presenting domain (�1, �2) as well as the �3 domains
were created from 100 imputed HLA-A allele datasets, owing to
the absence of complete data on the allele level for the HLA-A
locus. In this study, the imputations and the statistical analyzes
were restricted to Caucasian recipients. Over the 66 individual
amino acid sites of the HLA-A molecule, mismatches were most
frequently observed at the peptide binding sites (9, 77, 95, 97,
114, 116, 152, and 156) and T-cell receptor (TCR) contact sites
(62 and 76). In addition, other frequent mismatches (found in
25–35% of the datasets) were observed at several positions in the
�1 and �2 domains that are not peptide-binding or TCR contact
sites, as well as in the �3 domain. Even though HLA-A alleles
were imputed for many subjects, on the whole, the variance in the
proportion of mismatched sites was relatively small over the 100
imputed datasets (Fig. S1).

We used an unadjusted logistic regression (Table 2) and
several machine-learning feature selection methods (Fig. S2) to
evaluate the association of single mismatched sites with DGF.
Dichotomously coded (0, 1) mismatches at individual sites were
evaluated independently of each other for each of the 100
imputed datasets. This analysis was done separately for all
recipients and for those who were panel-reactive antibody
(PRA)-negative before the transplant. Notably, five of the seven
positions that were significantly associated with DGF belong to
functionally important sites of the �1 and �2 domains. The
selected sites included positions 9, 62, 95, 156, and 163 (see Table
2). Variation in the P-values observed for a few positions, such
as 95 and 156, could be because of the effect of the partial
imputation of HL-A alleles. These results were further con-
firmed using other univariate methods that included data-

Table 1. Association of HLA-A allele mismatches with delayed graft function: Results of a multivariate logistic
regression analysis*

HLA mismatches

Unadjusted Adjusted for other risk factors

OR (95% CL) P Value OR (95% CL) P Value

Antigen-level1

HLA-A 1.25 (0.94–1.59) 0.07 1.12 (0.82–1.54) 0.44
HLA-B 1.08 (0.83–1.42) 0.54 1.40 (0.98–1.99) 0.06
HLA-DR 1.26 (0.97–1.65) 0.08 1.00 (0.72–1.39) 0.98

Additional mismatches detected at allele-level2

HLA-A 3.66 (1.72–7.76) 0.0007 3.09 (1.20–7.94) 0.02
HLA-B 1.12 (0.69–1.81) 0.62 1.40 (0.79–2.47) 0.24
HLA-DR 1.04 (0.70–1.59) 0.82 0.87 (0.53–1.41) 0.57

Recipient race (AA vs. non-AA) 2.16 (1.37–3.39) 0.001
Pre-transplant dialysis — — 4.56 (1.63–12.72) 0.004
Previous transplant — — 1.91 (0.99–3.66) 0.05
Donor age (year) — — 1.02 (1.00–1.03) 0.002
Cold ischemia time (hours) — — 5.10 (1.23–21.12) 0.02

*Subjects include both non-AA and AA. Other non significant covariates that were included in this multivariate logistic regression model
are: recipient age, cause of the end-stage renal disease, diabetes, recipient sex, previous transplant, pre-transplant PRA, and donor race
and sex.
1A numerical form of HLA mismatches (0, 1) was used for this analysis as described in Materials and Methods.
2 Additional mismatches detected at the allele-level (non imputed alleles) in recipients that were matched at the antigen level (1 or 2
antigens match) as described in Materials and Methods.
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mining tools, such as feature selection methods (see Fig. S2). A
similar assortment of mismatched sites was observed using a
trichotomous coding (0, 1, or 2) of amino acid mismatching (data
not shown).

We also used a rule discovery method (JRip) to identify sets
of positions that together were associated with increased risk for
DGF. Each rule included specific combinations of mismatched
and matched sites that, together, classified DGF. Amino acid
sites identified by the rule discovery analysis included those
shown in Table 2, as well as additional candidate sites (Table 3).
Interestingly, listings of the HLA-A alleles in donor-recipient
pairs tracked by several rule sets revealed a significant overlap,
indicating the existence of a strong association between mis-
matches at different sites (data not shown). Indeed, a pair-wise
correlation analysis between mismatches at various sites that
were associated with DGF revealed multiple significant associ-
ations (Table S2). These pair-wise associations may be a reflec-
tion of the nature of HLA-A amino acid polymorphism and of
the evolutionary features of the HLA-A molecule. Because
of the small size of our sample, we were unable to evaluate
further the interaction terms for relationships between mis-
matches at different sites in a multivariable logistic regression
model.

Joint Effects of HLA-A Amino Acid Mismatches at Individual Sites on
DGF. To assess the joint effect of the amino acid mismatches on
DGF, we first performed stepwise logistic regression analysis
that included the 22 aa sites that were selected by means of the
machine-learning and statistical methods discussed above. We

included the following risk factors as covariates in the logistic
regression models: cold ischemia time, recipient age, donor age,
and donor cause of death. All of these clinical variables were
associated with DGF based on unadjusted analysis at P � 0.05
levels. To minimize the effect of preemptive transplantation on
the OR, only recipients who had pretransplant dialysis (407
subjects, 87.2%) were included in this analysis. Logistic models
were created separately for PRA-negative recipients and all
recipients; models could not be created for the PRA-positive
recipients-only because of the small number in this group.

In the stepwise logistic regression model, using liberal inclu-
sion/exclusion criteria (P value to enter �0.25), candidate amino
acid sites were selected based on a frequency of 20% or higher
over the 100 imputations, with P � 0.05. Six of the 22 candidate
amino acid sites were selected in the group of recipients that
included both PRA-positive and PRA-negative subjects. These
sites included position 9, 62, 90, 127, 149, 184, and 246; they were
selected in 73%, 29%, 100%, 29%, 35%, 23%, and 65% of the
imputed datasets, respectively. In the PRA-negative recipient
group, six out of 22 mismatch sites were selected and included
position 9, 90, 95, 127, 149, and, 193. These sites were selected
in the regression models in 87%, 100%, 93%, 95%, 100%, and,
99% of the 100 imputed datasets, respectively. The other mis-
matched sites either remained in the logistic regression model in
a small percentage of the datasets (3–12%) or did not remain in
the model (data not shown).

The mismatch sites that were selected in the stepwise logistic
model were then simultaneously evaluated in a fixed logistic
regression model to assess their joint effects on DGF (Table 4).

Table 2. Association of HLA-A amino acid mismatches with delayed graft function for Caucasian recipients:
Results of univariate analyses

Domain Position Potential Contact

Logistic regression

Mean % of MM
OR Mean

(SD) OR Range
Mean P-value

(SD) P Range

All recipients
�1 9 P 1.80 (0.061) 1.65–1.97 0.0062 (0.0029) 0.0015–0.0185 0.55

62 P-TCR 1.67 (0.014) 1.62–1.72 0.0193 (0.0021) 0.0128–0.0273 0.61
90 Other 1.90 (0.049) 1.79–2.03 0.0058 (0.0019) 0.0021–0.0117 0.26

�2 105 Other 1.58 (0.091) 1.35–1.84 0.0496 (0.0291) 0.0061–0.1929 0.28
156 P 1.46 (0.065) 1.31–1.63 0.0749 (0.0325) 0.0197–0.1929 0.53
163 P-TCR 1.81 (0.038) 1.72–1.90 0.0115 (0.0028) 0.0061–0.0200 0.25

PRA-negative recipients
�1 9 P 1.97 (0.080) 1.80–2.20 0.0061 (0.0028) 0.0013–0.0150 0.54

62 P-TCR 1.58 (0.011) 1.53–1.58 0.0660 (0.0045) 0.0644–0.0901 0.61
90 Other 1.82 (0.052) 1.72–1.95 0.0251 (0.0066) 0.0114–0.0388 0.25

�2 95 P 1.52 (0.080) 1.32–1.85 0.0864 (0.0414) 0.0099–0.2390 0.50
163 P-TCR 1.77 (0.042) 1.70–1.87 0.0330 (0.0068) 0.0182–0.0462 0.24

A dichotomous amino acid mismatches coding was used. MM, mismatch; P, peptide; TCR, T- cell receptor.

Table 3. Additional HLA-A amino acid polymorphic sites associated with delayed graft function: Results of a classification
rule algorithm1

Position* 66 70 74 76 77 97 114 127 144 149 152 166 184 193 246

Contact Site �1 P/T �1 P �1 P �1 T �1 P �2 P �2 P �2 Other �2 Other �2 T �2 P �2 T �3 �3 �3
Mean % MM 0.32 0.31 0.30 0.48 0.39 0.54 0.54 0.33 0.30 0.10 0.47 0.27 0.31 0.31 0.24
MM in the rule sets2 NO YES YES YES NO NO YES NO NO NO YES YES NO NO NO

*Amino acid sites were displayed based on the functional �1, �2, and �3 domains of the HLA-A molecule. MM, mismatch, P, peptide contact site; T, TCR site; P/T,
a peptide and/or a TCR contact site.
1A rule discovery algorithm, JRip was used to identify mismatches and matches at various sites that appear to work in concert with others in classifying DGF as
described in Materials and Methods. A dichotomous amino acid mismatches coding was used in this algorithm. The population examined consisted of Non-AA
recipients. Importantly, the presence of a �no mismatch� site at a specific position does not necessarily indicate a match at the HLA-A antigen level. However,
�no mismatch� at a few particular amino acid sites can separate HLA-A antigens into HLA-A families. (Supporting Information, see Table S3).
2Note that the rule sets also include the amino acid mismatched sites identified in Table 2.
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In the transplant-recipient group that included the PRA-positive
recipients, increased risk of DGF was found to be associated with
mismatches at one functionally important position at the antigen
recognition site 62 (OR, 2.35; CI, 1.15–4.79; P � 0.020).
Similarly, mismatch at site 95 was associated with increased risk
of DGF in the PRA-negative patients (OR, 2.51; CI 1.22–5.17;
P � 0.017). Notably, position 90 (in the �1 domain, not a peptide
site) was also highly associated with DGF in the transplant
recipient group that included the PRA-positive subjects and in
the PRA-negative group (OR, 2.46; CI, 1.39–4.36; P � 0.0022
and OR, 2.93, CI 1.42–6.03; P � 0.0038, respectively). Variability
at positions 62 and 90 was previously reported to be restricted to
the HLA-A locus when compared to the HLA-B locus (16, 17).
Because of a high correlation between mismatches at position 90
with mismatches at 163 (r � 0.96), a mismatch at position 163 was
not selected in this logistic regression model. However, when we
adjusted for all other mismatched sites except for position 90, the
effect of a mismatch at position 163 on DGF was essentially the
same as shown in Table 4 for a mismatch at 90 (data not shown).
Of interest, a decreased risk of DGF was found to be associated
with mismatches at HLA-A family-specific sites: position 149
(OR, 0.29; CI, 0.10–0.83; P � 0.022) and position 193 (OR, 0.44;
CI, 0.23–0.84; P � 0.013) in the PRA-negative patients; position
184 (OR, 0.56; CI, 0.32–0.99; P � 0.049) and position 246 (OR,
0.53; CI, 0.30–0.94; P � 0.032) in the transplant group that
included the PRA-positive subjects (see Table 4). The apparent
disparity in the assortment of mismatched sites associated with
DGF observed between the two groups of recipients could be
because of a difference in the distribution of HLA-A alleles in
the donor population in the two groups, as donor selection can
be affected by the presence of donor-directed anti-HLA anti-
body during cross-matching. Very similar associations of amino
acid mismatched sites with DGF were observed using another
100 imputed datasets, indicating the reproducibility of these
findings (data not shown).

Discussion
In this prospective cohort study of recipients of deceased-donor
renal transplants, we showed that incremental HLA-A mis-
matches detected at the allele level were significantly associated
with DGF after adjusting for matching at the antigen level and
multiple covariates. In contrast, mismatches because of HLA-B,
-DRB1 antigens and alleles were not significantly associated with
DGF (see Table 1). This finding prompted us to evaluate the
association of amino acid mismatches with DGF at individual
variable sites of HLA-A molecules.

In Caucasian recipients, we showed in a multivariate logistic
regression model, adjusted for nonimmunologic risk factors, that
DGF was significantly associated with mismatches at position 62,
95, and 163 (see Table 4). These amino acid sites are known to
be functionally important sites at the antigen recognition site of
the HLA-A molecule. Our finding is consistent with other
studies, indicating that immunologic factors may increase the risk
of DGF (10). Possible interactions that might exist between
HLA-A amino acid mismatches and the nonimmunological risk
factors (donor age, recipient race, longer CIT, and donor cause
of death) were not evaluated in our study.

Position 62 is particularly interesting. It is a peptide and TCR
contact site, which maps onto the �1 domain on the surface of
the binding site of the HLA molecule. It is the most variable site
in the HLA-A molecule and its variability is predominantly
restricted to the HLA-A locus when compared to the same site
in HLA-B (11, 16, 17). Position 95 maps onto the �-strand that
forms the base of the antigen-presenting domain; consequently
it would affect the conformation of presented peptides. Position
163 is located in the �2 region and, in addition to being a TCR
contact site, is a peptide contact site (11). The association of
DGF with mismatches at these peptide and TCR contact sites
may be a reflection of their importance in organ alloreactivity
influencing the development of DGF. The major source of
alloreactivity is thought to be a TCR cross-reactivity between
distinct HLA allelic variants from the same HLA class I (or class
II) gene (11, 18). Peptide-driven recognition of allogeneic HLA
molecules is thought to be the most frequent cause of alloreac-
tivity. In addition, alloreactive T cells can also recognize allelic
polymorphisms at TCR contact sites of the HLA molecule (11,
19). Particularly remarkable was that position 90, which is
located in the �1 domain but outside the binding groove, was also
significantly associated with DGF (see Table 4). Like position 62,
variability at position 90 is restricted to the HLA-A locus (11, 16).
However, the association of mismatches at position 90 with DGF
could be secondary to the very high correlation that exists
between mismatches at positions 90 and 163 (r � 0.96) in this
population. Alternatively, variability at position 90 may also
affect alloreactivity indirectly by inducing conformational
changes in the sites of interactions (17, 20).

A decreased risk of DGF was associated with mismatches at
HLA-A family-specific sites in the �2 (position 149, a TCR
contact) and �3 domains (positions 149, 193, and 246) (Table
S3). HLA-A families are closely related to HLA-A lineages that
separate MHC class I A locus in the chimpanzee and gorilla.
Importantly, differences in nucleotide substitutions in pairs of

Table 4. Association of HLA-A amino acid mismatches with delayed graft function: Results of the multivariate logistic regression
analysis for Caucasian recipients1

Position

All recipients PRA-negative recipients

OR (SD) LCL (SD) UCL (SD) P-value (SD) P-value range OR (SD) LCL (SD) UCL (SD) P-value (SD) P-value range

9 1.39 (0.09) 0.78 (0.05) 2.47 (0.16) 0.2792 (0.092) 0.0980–0.5790 1.65 (0.11) 0.93 (0.06) 2.95 (0.2) 0.0971 (0.037) 0.0157–0.1921
62 2.35 (0.12) 1.15 (0.06) 4.79 (0.26) 0.0201 (0.008) 0.0066–0.0540 — — — — —
90 2.46 (0.08) 1.39 (0.04) 4.36 (0.15) 0.0022 (0.001) 0.0011–0.0053 2.93 (0.12) 1.42 (0.06) 6.03 (0.22) 0.0038 (0.001) 0.0018–0.0094
95 — — — — — 2.51 (0.28) 1.22 (0.13) 5.17 (0.59) 0.0179 (0.021) 0.0006–0.1316

127 0.59 (0.02) 0.32 (0.01) 1.1 (0.03) 0.0989 (0.022) 0.0624–0.1870 0.51 (0.03) 0.24 (0.01) 1.07 (0.06) 0.0783 (0.028) 0.0275–0.1914
149 — — — — — 0.29 (0.03) 0.1 (0.01) 0.83 (0.06) 0.0225 (0.010) 0.0104–0.0857
184 0.56 (0.03) 0.32 (0.02) 0.99 (0.06) 0.0498 (0.023) 0.0183–0.1211 — — — — —
193 — — — — — 0.44 (0.03) 0.23 (0.02) 0.84 (0.05) 0.0137 (0.008) 0.0029–0.0432
246 0.53 (0.04) 0.3 (0.02) 0.94 (0.06) 0.0325 (0.018) 0.0081–0.0870 — — — — —

1Nine variable sites out of the original 22 sites were fitted in this final logistic regression model. These sites were selected based on a stepwise logistic regression
model wherein amino acid candidate sites were identified as described in Materials and Methods. A dichotomous amino acid mismatches coding was used.
Subjects are Caucasian recipients.
LCL, average lower 95% confidence limit over 100 imputations; OR, average odds ratio over 100 imputations; P-value, average P-value over 100 imputations;
UCL, average upper 95% confidence limit over 100 imputations.
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HLA-A alleles that belong to separate families are larger than
those within families (21, 22). Furthermore, many of the poly-
morphisms at HLA-A family-specific sites including extended
amino acid sequence motifs appear to have been fixed during
evolution, as they are preserved in the MHC class I A alleles of
the chimpanzee or gorilla (22). Our findings indicate that
evolutionary features of HLA-A polymorphism separating
HLA-A families and lineages among donor-recipient pairs may
correlate with the magnitude of alloreactivity influencing the
development of DGF.

No significant differences in the assortment of mismatched
candidate sites were observed between the dichotomous and
trichotmous coding of amino acid mismatches. However, a
potential dose-dependent effect of specific amino acid residues
at individual amino acid sites was not examined in this study. A
few additional candidate sites (positions 12, 17, 43, and 109) were
identified by feature selection methods, but were not tested in
the logistic regression analysis because only a small proportion
(3 to 7%) of donor-recipient pairs were mismatched at these sites
(see Fig. S2), limiting our statistical power. Furthermore, exam-
ination of mismatches in AA recipients revealed several sites (74,
77, 107, 161, and 184) that were associated with DGF and were
frequently mismatched (25 to 30% of recipients, data not
shown). However, these sites were not further evaluated in this
study because of the small number of recipients.

The statistical approaches used in this study allowed an
evaluation of the association between amino acid mismatches at
variable sites and DGF, regardless of the combination of HLA-A
antigen or allele mismatch. This differs from previous studies,
which have examined only amino acid mismatches among HLA
alleles from the same antigen groups (23). However, our study
had some limitations. The sensitivity of the logistic regression
analysis may be restricted by some degree of uncertainty,
introduced by the partial imputation of the HLA-A alleles. For
example, mismatches at functionally important sites, such as
position 9 and 156, were significantly associated with DGF in the
univariate analysis but did not remain in the multivariate logistic
regression model. The lack of association of mismatches at
position 9 and 156 with DGF could be because of (i) an
uncertainty introduced by the partial imputation of the HLA-A
alleles, (ii) a constraint imposed by the strong correlations that
were observed between a few mismatches sites (see Table S2),
and (iii) a relatively small number of subjects in our cohort.

In summary, we observed that amino acid polymorphism at
functionally important positions at the antigen-recognition site
of HLA-A molecule has a significant influence on DGF. In
addition, our findings suggest that evolutionary features of
HLA-A polymorphism separating HLA-A families and lineages
among donor-recipient pairs may correlate with the magnitude
of alloreactivity influencing the development of DGF. Our
findings support the hypothesis that HLA-A amino acid poly-
morphism can be used to assess the influence of the degree of
HLA-A matching on DGF. Further studies with larger cohorts
are needed to evaluate the effect of the interactions of HLA-A
amino acid mismatches with covariates, such as CIT and pre-
transplant anti-HLA antibodies, as well as the influence of HLA
amino acid mismatches on other outcomes, such as acute rejec-
tion and allograft loss. Based on these findings, a predictor
model for allograft outcomes could then be developed using a
statistical approach similar to the one used in this study.

Materials and Methods
Study Design and Procedures. We enrolled 705 recipients of deceased-donor
renal transplants into a prospective cohort study during the period April 1998
through November 2001, as previously described (14). Patients were recruited
at the time of transplantation from eight centers served by the Gift of Life
Donor Program in eastern Pennsylvania, as previously reported (15). Patients
who were more than 18 years of age and had received a deceased-donor renal

transplant were eligible for this study. Informed consent was obtained from
each study participant. During the initial transplant hospitalization, study
participants were interviewed regarding their demographic and medical
characteristics. Race was determined by self-report. The baseline demo-
graphic, medical, and surgical characteristics at the time of transplantation
were previously reported (15). The study protocol was approved by the
Institutional Review Board at the University of Pennsylvania.

HLA Typing. Whole blood that remained from routine clinical testing was used
as a source of DNA for the transplant recipients. Whole blood or lymph node
tissue was provided as a source of DNA for the donors by Gift of Life Organ
Procurement Organization.

Confirmatory HLA-A and -B low- to intermediate-level resolution typing
and high resolution (allele-level) DNA-based typing of HLA-A, -B, and -DRB1
for all study subjects (and their respective donors) were performed in a single
center. Low-resolution typing was performed by DNA-based methods for
HLA-A and -B on all donors and recipients to better define antigen splits and
minimize errors resulting from antigens that are difficult to type serologically
(24). High-resolution HLA-A, -B, and -DRB1 typing was performed only in
donor-recipient pairs that had fewer than two mismatches at their respective
HLA loci by low resolution typing. Of the 705 recipients, 364 (51.6%) DNA-
based methods were used for HLA-DRB1 low-resolution typing; for the re-
maining 341 (48.4%), low-resolution typing was performed by serological
methods in multiple centers using at least two commercial HLA typing trays.
We resolved low-resolution (serological or antigen level) disparities by con-
verting the DNA-based typing to its lower-level serologic equivalent. We
described all of these procedures in a previous article (14, 24).

HLA typing was performed prospectively during the period of 1997 to 2003.
Because of limitations of the sequence specific primer (SSP) typing method-
ology, allele-level assignment was not always possible because of the presence
of ambiguous allele combinations. Therefore, when SSP typing indicated one
of several possible alleles, the allele assignment was made by ruling out
extremely rare alleles (frequency �0.001) for each subjects’ racial population
and by taking into account established HLA haplotype frequencies (25)

Imputation of Missing HLA-A Alleles. Because of a lack of sufficient archived
samples, it was not feasible to perform allele-level typing on all donor-
recipient pairs. HLA-A allele data were obtained through high-resolution
typing only when recipients and their donors were matched at the antigen
level. For recipients and donors who were mismatched at the low-resolution
(antigen) level, we imputed donor and recipient alleles using the following
procedure. We used the allele frequency data from the nonimputed recipient
subjects (Caucasians and African Americans, separately) in our cohort as the
source of data for the imputation of recipient alleles in this cohort, as previously
described (26). We imputed the HLA-A alleles of donors using population-based
frequencies according to race (ref. 25 and www.allelefrequencies.net) and
because these individuals were more likely to be similar to the general
population. The rationale for this approach was that recipients are different
from the general population because of the well-known associations of HLA
alleles with autoimmune diseases usually seen in kidney transplant recipients.
With this multiple imputation, we created a total of 100 separate HLA-A
allele datasets, each representing a separate imputation (27). The mean
allele frequencies from the 100 imputed datasets (Fig. S3) were found to be
very similar to those of the nonimputed published data according to race
(25, 28, 29).

Once the imputed datasets were created, we merged them with HLA-A amino
acid sequence data using the HLA Sequence Database Alignment Tool (IMGT/
HLA) database (www.ebi.ac.uk/imgt/hla) to create the full amino acid sequence
foreachdonorandrecipient.Basedonthisarrayofaminoacid sequencedata,we
compared 66 polymorphic amino acid sites to identify site-specific donor-
recipient mismatches. Donor-recipient mismatches were characterized at each
residue across the length of the HLA-A sequence as 0 (no mismatch), 1 (mismatch
on one of the allele pairs between donor and recipient), or 2 (mismatch on both
of the allele pairs). A second set of 100 imputed datasets was created using a
dichotomous coding scheme (0, no mismatch; 1, any mismatch) applied to each of
the 66 aa positions. The final imputed datasets contained these 66 mismatch
variables in addition to the following demographic and clinical variables: recip-
ient and donor age, race and sex, cause of donor death, and presence or absence
of prior reactive antibodies in recipients. The outcome variable was DGF, coded
dichotomously as Yes or No. Of the original 705 recipients, 8 had missing data for
DGF; thus, each imputed dataset contained 697 records, each representing a
unique donor-recipient pair.

Statistical Analysis. HLA antigen (serologic) and allele (high resolution) mis-
matches were evaluated using the entire cohort including non-AA and AA
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recipients. Mismatches were defined separately for HLA-A, -B, and -DRB1 loci.
The mismatch at antigen level was defined as a three-level ordinal variable (0,
1, or 2 mismatches). Additional mismatches that were identified at allele level
were defined as a binary quantity. To explore the association between HLA
mismatches and DGF, we first fit a logistic regression model using the six HLA
mismatches as independent variables. The model was then refitted by adjust-
ing for the following covariates: recipient race, dialysis pretransplant, previ-
ous transplant, donor age, and CIT.

Analyzes of HLA-A amino acid mismatches were restricted to Caucasian
recipients only. All analyses were performed separately on each of 100 im-
puted datasets and the results pooled across them using the usual rules for
multiple imputation (27). We describe the analysis of the separate imputed
datasets. For each imputed HLA dataset, we identified the mismatched sites
associated with DGF by means of several machine-learning and statistical
feature selection methods, including correlation-based feature selection (30),
and �2 and univariate logistic regression, respectively. The feature selection
process used a supervised learning approach with delayed graft function as
the class variable, focusing on position-specific mismatches, and was applied
to each dataset separately.

In addition to the univariate analysis (where one site was considered at a
time, conditioned on DGF), we also used a rule discovery method, JRip, to
identify mismatches and matches that appeared to work in concert with
others in classifying DGF as present or absent. JRip is a variant of RIPPER
(Repeated Incremental Pruning to Produce Error Reduction) (31). We then

pooled these selected mismatched sites into one single group of candidate
variables for further analysis using multivariate logistic regression modeling.

To evaluate the joint effects of the selected amino acid sites on DGF, we
performed a stepwise multivariate logistic regression analysis separately on
each imputed data set using the following covariates: donor age, recipient
age, donor cause of death, and cold ischemia time, with P � 0.25 as the
inclusion criterion. Finally, we selected variable mismatched sites, which were
observed with a frequency of 20% or higher over the 100 imputations, with
P � 0.05, and fitted a final logistic regression model for each permuted dataset
to assess the joint effects of the selected mismatched sites on DGF. We
repeated these analyses separately for recipients without pretransplant anti-
HLA antibodies (PRA-negative subjects), as the distribution of HLA-A alleles in
the donor population may be influenced by the HLA antibody cross-match in
the PRA-positive subjects. Statistical analyses were not done on African Amer-
ican recipients because of the small number of subjects combined with a
higher degree of allelic variability in these individuals. All machine learning-
based feature selection analyses were performed using Weka (32) and the
statistical analyzes were performed using SAS (SAS Institute).
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