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HLA Amino Acid Polymorphisms and Kidney
Allograft Survival
Malek Kamoun, MD, PhD,1 Keith P. McCullough, MS,2 Martin Maiers, MS,3 Marcelo A. Fernandez Vina, MD, PhD,4

Hongzhe Li, PhD,5 Valerie Teal, MS,5 Alan B. Leichtman, MD,2 and Robert M. Merion, MD2

Background. The association of HLA mismatching with kidney allograft survival has been well established. We examined
whether amino acid (AA) mismatches (MMs) at the antigen recognition site of HLA molecules represent independent and incre-
mental risk factors for kidney graft failure (GF) beyond those MMs assessed at the antigenic (2-digit) specificity. Methods.Data
on 240 024 kidney transplants performed between 1987 and 2009 were obtained from the Scientific Registry of Transplant Re-
cipients. We imputed HLA-A, -B, and -DRB1 alleles and corresponding AA polymorphisms from antigenic specificity through
the application of statistical and population genetics inferences. GF risk was evaluated using Cox proportional-hazards regression
models adjusted for covariates including patient and donor risk factors and HLA antigenMMs.Results.We show that estimated
AA MMs at particular positions in the peptide-binding pockets of HLA-DRB1 molecule account for a significant incremental risk
that was independent of the well-known association of HLA antigenMMswith graft survival. A statistically significant linear relation-
ship between the estimated number of AA MMs and risk of GF was observed for HLA-DRB1 in deceased donor and living donor
transplants. This relationship was strongest during the first 12 months after transplantation (hazard ratio, 1.30 per 15 DRB1 AA
MM; P < 0.0001).Conclusions.This study shows that independent of the well-known association of HLA antigen (2-digit spec-
ificity) MMs with kidney graft survival, estimated AA MMs at peptide-binding sites of the HLA-DRB1 molecule account for an im-
portant incremental risk of GF.

(Transplantation 2017;101: e170–e177)
Genes encoding classical HLA molecules are extremely
polymorphic, such that as of October 2015 classical

HLA loci include over 13 800 allelic variants.1 HLA allele
names are defined as 4 digit numbers that represent a unique
protein sequence; the first 2 digits describe each allele’s sero-
logic specificity and the last 2 digits identify successive protein
variants within that specificity. In 2010, the nomenclature was
updated by defining each domain as a colon-delimited field.1
Received 1 September 2016. Revision received 11 January 2017.

Accepted 16 January 2017.
1 Department of Pathology and Laboratory Medicine, University of Pennsylvania,
Philadelphia, PA.
2 Arbor Research Collaborative for Health, Ann Arbor, MI.
3 National Marrow Donor Program, Minneapolis, MN.
4 Department of Pathology, Stanford University, Palo Alto, CA.
5 Department of Biostatistics and Epidemiology, University of Pennsylvania,
Philadelphia, PA.

The data reported here have been supplied by the Minneapolis Medical Research
Foundation (MMRF) as the contractor for the SRTR. The interpretation and
reporting of these data are the responsibility of the author(s) and in no way should
be seen as an official policy of or interpretation by the SRTR or the U.S. Government.

The authors would be willing to communicate and/or collaborate with other
researchers interested in this topic.

The study was submitted for IRB review and was approved.

This study was presented in part at the meeting of the American Transplant
Congress, May 8-22, 2013 (Seattle, WA).

This work is dedicated to the memory of Professor Jean Dausset.

e170 www.transplantjournal.com
Most polymorphisms are associated with the peptide-binding
residues of the HLA class I and class II molecules.2 Allelic var-
iations among these HLAmolecules are the source of differen-
tial peptide binding, thymic selection, and alloreactivity.2-6

Until now, renal transplant HLA matching has focused on
antigenic determination. These serologic specificities depend
largely upon polymorphic solvent exposed amino acid (AA)
residues of the antigen recognition site but may also be
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influenced by unexposed peptide binding sites impacting T
cell allorecognition4-6 and alloantibody reactivity.7,8

HLA matching between donors and recipients improves
the outcome of kidney transplantation. The best outcomes
are observed when the donor organ has no mismatches
(MMs) with the recipient at any of the 6 loci of the HLA-A,
−B, and -DRB1 antigens.9,10 The relative risk of graft failure
(GF) is weakly related to the number of HLA-A or -B antigen
MMs, but more strongly associated with increases in the
number of antigen MMs at HLA-DRB1.11-15

This conventional approach to HLA matching does not
take into account how closely the mismatched HLA specific-
ities are at AA polymorphic sites; with any given HLA anti-
gen (2-digit specificity) MM, there is significant variability
in the degree of AAMMs at the antigen recognition site that
could dramatically impact allorecognition.5,16‐20 Increasing
attention is being focused on the importance of HLA epitope
matching strategy to improve kidney transplantation out-
comes.21-29 A few of these studies suggested that the degree
of HLA disparity between a given donor and recipient pair
is better expressed at the level of AA disparity than by the
conventional antigen matching approach.21,22,25‐27,29 How-
ever, the validity of these studies has been questioned, and
it was suggested instead that the apparent benefit of epitope
matching is dependent on underlying HLA serologic
matching.26,30 We postulated that HLA MMs at the level of
antigenic specificities do not fully describe the risk of kidney
GF that may be related to biologically important AA substi-
tutions in HLA molecules between donors and recipients.

In this study, we applied a novel approach using multiple
imputations to infer HLA-A, -B, and -DRB1 alleles and cor-
responding AA polymorphisms from antigenic specificity
through the application of computational and statistical
methods. We examined the association of HLA-A, -B, and -
DRB1 MMs at the AA level with kidney allo GF after
adjusting for HLA antigen MMs. We discuss our findings
in the context of structural and functional correlates of AA
polymorphism at the antigen recognition site of HLA-
DRB1 molecules, and the potential application of this ap-
proach to the complexity of HLA polymorphism in relation
to kidney transplantation.
MATERIALS AND METHODS

Imputation of HLA Alleles and HLA AA MMs
We used a multistep process to impute from 2-digit HLA

specificity, HLA-A, -B and -DRB1 alleles (4-digit specificity)
and the corresponding AA polymorphisms localized in the
antigen recognition site as described in the Supplemental Dig-
ital Content, pages 5-6, SDC, http://links.lww.com/TP/B402.
During this process, we used a previously validated computa-
tional method for estimating HLA alleles based onHLA hap-
lotype frequencies data set for broad US racial groups (African
Americans, Caucasians, Hispanic, and Asians).31 Using this
method, we imputed HLA-A, -B, and -DRB1 alleles (4-
digit specificity) corresponding to each HLA antigen of re-
cipient and donors obtained from the Scientific Registry of
Transplant Recipients (SRTR). We then produced the corre-
sponding assignment of AA polymorphic sites of these
HLA alleles by converting each allele to its constituent AA
variants using the allele alignment data from the International
ImMunoGeneTics Project /HLA database (https://www.
ebi.ac.uk/ipd/imgt/hla/; Release 2.28.0, January 2010).
Details about this imputation method and the likelihood of
AA MMs are described in the Methods, SDC, http://links.
lww.com/TP/B402.

Patient Population and Source of Clinical Data
The SRTR compiles data on all solid organ donors, wait-

listed candidates, and transplant recipients in the United
States as submitted by transplant programs to theOrgan Pro-
curement and Transplantation Network. The Health Re-
sources and Services Administration, U.S. Department of
Health and Human Services, provides oversight to the ac-
tivities of the Organ Procurement and Transplantation
Network and SRTR contractors. SRTR data have been
described elsewhere.32

Using SRTR Standard Analysis Files, we evaluated pa-
tients who received a kidney-alone transplant between
January 1, 1987, and December 31, 2009. Graft function
was assessed through June 30, 2012. The study sample
numbered 240 024, which included 156 049 deceased do-
nor transplants; 23 858 living unrelated donor trans-
plants; and 60 117 living related transplants. The racial
distribution in this population and the exclusion criteria
are provided in the SDC (http://links.lww.com/TP/B402)
on page 8-9.

Graft and patient status were reported on each recipient
at hospitalization discharge, at 6 months posttransplant, at
1 year posttransplant, and annually thereafter. The complete-
ness of follow-up both with and without extra ascertainment
for GF and death was previously published.33,34

Statistical Analysis
All statistical analyses were performed using SAS version

9.3. We determined GF rates using Cox proportional-hazards
regression. Models were fitted to investigate predictors of
early GF (eg, during the first year after transplant), condi-
tional GF predicated on 1-year graft survival, and overall
GF. All of the primary analyses considered any instance of
GF, including recipient death, as an outcome.

All analyses were adjusted for known confounding patient
and donor variables including HLA antigen MMs (SDC,
http://links.lww.com/TP/B402 on page 9-11).Model building
started with factors shown to be predictive of GF in the 2010
Program Specific Reports (PSR) published by the SRTR. The
development and use of these models has been reported pre-
viously.35 The same process that was used for PSR model re-
finements was adapted for the purposes of this study. PSR
models were modified to allow for follow-up longer than
3 years.35 Because we were testing a large number of vari-
ables and interactions on an extremely large data set, we used
Bonferroni-style correction on the many HLA AAMM indi-
cators to avoid the multiple-comparisons problem. Additional
details about these analyses are provided in the Methods,
SDC, http://links.lww.com/TP/B402.

Separate statistical analyses involving the imputed AA
MMs at antigen recognition sites were carried out to test
the sensitivity and reproducibility of the analyses. The first
analysis used aMMvariable for each transplant which repre-
sented the expected number of AA MM. This variable was
constructed by combining the probability of an AA MM at
each HLA-A, -B, and -DRB1 locus using the formula: X = 0
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TABLE 1.

Estimated AA MM count distribution by locus, race, HLA antigen MMa, and donor type

AA MM locus A B DRB1 Total

Percentile Med (IQR) 90% 95% Med (IQR) 90% 95% Med (IQR) 90% 95% Med (IQR) 90% 95% N Frequency
Rec. Race
Asian 9 (5-12) 15 17 9 (6-12) 15 17 8 (4-10) 13 14 26 (19-32) 37 40 10367 4.32%
Black 9 (6-12) 15 16 9 (5-12) 15 16 7 (4-10) 12 13 25 (19-31) 35 38 56327 23.47%
Hispanic 8 (3-11) 14 16 8 (4-11) 14 16 6 (2-9) 11 13 23 (15-29) 34 37 26913 11.21%
White 8 (0-11) 14 16 8 (2-11) 14 16 6 (1-9) 11 13 22 (12-28) 34 37 144183 60.07%
Other 8 (1-11) 15 17 8 (4-12) 15 16 7 (3-10) 12 13 23 (15-31) 36 39 2234 0.93%
HLA Antigen MM
Non-0 ABDRB1 9 (5-12) 15 16 9 (6-12) 15 16 7 (4-10) 12 13 24 (18-30) 35 38 213110 88.79%
0 ABDRB1 0 (0-0) 0 1 0 (0-0) 1 2 0 (0-1) 2 3 0 (0-2) 3 4 26914 11.21%
0 DRB1 2 (0-9) 13 15 2 (0-9) 12 14 0 (0-1) 2 3 8 (0-18) 24 27 60371 25.15%
1 DRB1 8 (5-11) 14 16 8 (5-11) 14 16 6 (5-8) 10 11 23 (18-29) 33 36 114860 47.85%
2 DRB1 10 (7-13) 15 17 10 (7-13) 15 17 10 (8-12) 14 15 30 (25-34) 39 41 64793 26.99%
0 A 0 (0-0) 1 2 0 (0-7) 11 13 1 (0-6) 10 11 3 (0-13) 19 22 56774 23.65%
1 A 8 (6-10) 12 14 9 (6-12) 14 16 7 (4-9) 12 13 23 (18-28) 33 35 103061 42.94%
2 A 12 (10-14) 17 18 10 (7-13) 15 17 7 (5-10) 12 14 29 (24-34) 38 41 80189 33.41%
0 B 0 (0-4) 10 12 0 (0-0) 1 2 1 (0-4) 8 10 2 (0-9) 17 20 47863 19.94%
1 B 8 (5-11) 14 16 7 (6-10) 12 13 6 (3-9) 11 13 22 (17-27) 31 34 97147 40.47%
2 B 10 (7-13) 15 17 11 (9-14) 16 18 8 (5-10) 13 14 29 (24-34) 38 41 95014 39.59%
Donor type
Deceased 9 (4-12) 15 17 9 (5-12) 15 16 6 (2-9) 12 13 24 (16-30) 35 38 156049 65.01%
Living unrelated 9 (7-12) 15 17 10 (7-13) 15 17 8 (6-10) 13 14 27 (22-32) 37 40 23858 9.94%
Living related 6 (0-9) 12 14 6 (1-9) 12 14 5 (1-8) 10 12 17 (9-24) 30 33 60117 25.05%
All 8 (3-11) 14 16 8 (4-11) 14 16 6 (2-9) 11 13 23 (15-29) 35 38 240024

a HLA Antigen MM: indicates antigen (first field, classically 2-digit) MMs.
The expected number of AA MM was evaluated by combining the probability of an AA MM at each HLA-A, -B, and -DRB1 locus as described in the Materials and Methods. The number of AA variable sites that
were included in this model is as follows: 29 for HLA-A, 47 for HLA-B, and 29 for HLA-DRB1 (Table S1 SDC, http://links.lww.com/TP/B402).

FIGURE 1. Adjusted HR of GF by sum of expected number of AA
MMs at HLA-DRB1. This figure shows the adjusted, log-scale HR
of GF by expected number of HLA-DRB1 AA MMs; figure shows re-
sults of models of all races combined. Zero HLA-A, -B, -DRB1 anti-
gen mismatched transplants were excluded from these analyses.
Estimated HRs for all loci were calculated based on 0MMs as the ref-
erence using the initial slopes plus spline factors to model the degree
of change in slope at 5, 10, and 15 in a single model adjusted for pa-
tient risk factors, donor risk factors, and HLA-A, -B, and -DRB1 anti-
gen MMs. Splines at 5, 10, and 15 AA MMs were chosen primarily
due to the distribution of the number of AA MMs. The initial slope of
HLA-DRB1 AAMMs had a P < 0.0001 and 0.06 for deceased donor
and living related donor transplants, respectively.

e172 Transplantation ■ May 2017 ■ Volume 101 ■ Number 5 www.transplantjournal.com
* P(0MM) + 1 * P(1MM) + 2 * P(2MM). A total of 125 sites
had a mean composite X ≥ 0.01 within at least 1 racial
group. The mean frequency of expected HLA-A, -B, and
-DRB1 AA mismatched sites by race is shown in Table 1.
The GF model, using the AA MM variables adjusted for
HLA antigen MM variables (0 ABDRB1 MM; 0 A MM, 1
A MM; 0 B MM, 1 B MM; 0 DRB1 MM, and 1 DRB1
MM; with 2MMbeing the reference range for each HLA lo-
cus) and comorbidity factors was run one at a time for each
of the 125 AA variable sites of the HLA-A, -B, and -DRB1
molecules. A Cox proportional hazards regression model of
time to GF was then fitted to estimate the cumulative risk
of GF associated with each additional statistically significant
AA MM site identified above; models were analyzed sepa-
rately for deceased donors and for living donors and by
donor/recipient race, adjusted for all donor/recipient charac-
teristics including the HLA antigen MM variables (SDC,
http://links.lww.com/TP/B402 on page 9-11).

In the second approach, we used summarized data over 10
separate analyses of imputed AAMMs at the antigen recog-
nition sites based on the estimated probabilities of AA MM.
Because the estimated probabilities of the dominant alleles
are very high, we performed Cox regression analysis 10 times
based on the randomly imputed HLA alleles and combined
the results using the SAS MIANALYZE procedure.36,37 This
approach provides an overall estimate with a combined
confidence interval (CI) of the association of AAMMwith
GF based on the within-imputation standard errors and the
between-imputation variability. Because the variances of
the estimated risk across the 10 imputations were very
small, we therefore chose to report our results based on
10 imputations. The established use of up to 10 imputa-
tions suffices under most realistic circumstances; it is

http://links.lww.com/TP/B402
http://links.lww.com/TP/B402
http://www.transplantjournal.com


© 2017 Wolters Kluwer Kamoun et al e173
unnecessary to use hundreds of imputations.38-40 To refine
analyses using the sum of the MMs, a double MM among
each 2 highly correlated MM sites was not counted as 2 sep-
arate MMs because we cannot distinguish their association
with GF. The HLA-DRB1 variable sites included in this
model are listed in Figure 2 and Table 3.

Stepwise Model Using Individual AA-Mismatched Sites
A stepwise Cox model using imputed individual AA mis-

matched at the antigen recognition site was run separately
for deceased donor and living donor transplants. A forward
selection was applied; the demographics, comorbidity con-
ditions, and HLA antigen MM variables were forced, and in-
dividual sites were added and subtracted according to a
threshold P value of 0.05. A stepwise approachwas separately
performed in the model-building process in the 2 statistical
analyses described above. In the data set generated from 10
imputations, the adjusted hazard ratio (HR) using the stepwise
model was calculated by combining the estimates of AA vari-
ables that were consistently selected by the procedure in all
10 of the imputations using the SASMIANLAYZE procedure
(SAS software, version 9.3). Model results were adjusted for
different covariates in each imputation including recipient fac-
tors, donor factors, HLA antigen MMs, and the other signifi-
cant AA MM variables for each HLA-A, -B, DRB1 locus.

RESULTS

Distribution of HLA-A, -B, and -DRB1 AAMMCounts by
Recipient Race, HLA Antigen (Classically 2-Digit
Specificity) MMs and Donor Type

The distribution of the estimated HLA-A, -B, and -DRB1
AA MM count at the antigen recognition sites by recipient
FIGURE 2. Association of HLA-DRB1 AA MMs with GF in separate
posttransplantation intervals. This figure shows adjusted, log-scale
HRs of GF by expected number of HLA-DRB1 AA MMs; models
are based on 10 imputations as described in the Materials and
Methods; figure shows results of models of all races combined. Zero
HLA-A, -B, -DRB1 antigen mismatched transplants were excluded
from these analysis. Estimated HRs were calculated based on 0
MMs as the reference using the modeled linear slopes in the log haz-
ard, in a single model adjusted for patient risk factors, donor risk
factors, and HLA-A, -B, and -DRB1 antigen MMs. The linear terms
for HLA-DRB1 were statistically significant (P < 0.0001) for both
models of GF in the first year after transplant as well as 1+ years
posttransplant (all transplants combined). The AA MM variables
evaluated in this analysis were selected by arbitrarily including only
1 site for each 2 highly correlated AA mismatched sites (r2 > 0.70)
at each HLA locus. The following 23 variable sites were used for
HLA-DRB1: positions 9, 10, 13, 14, 16, 26, 28, 31, 32, 33, 37, 38,
40, 47, 57, 58, 67, 70, 71, 74, 77, 85, and 86.
race, HLA antigen MMs, and donor type are shown in
Table 1. The expected number of MM sites for each HLA lo-
cus was very similar among different recipient races. The
bulk of AAMMs was a consequence of antigen MMs; addi-
tionalMMs due to allele-level (first 2 fields, classically 4-digit
specificity) disparity were limited to 1 to 3 sites. This observa-
tion is not unanticipated because some recipients with zero
HLA-A, -B, -DRB1 antigen MMs were likely to be matched
at the allele (4-digit specificity) level, and that for recipients
who had MMs only at the allele (4-digit specificity) level,
the expected number of AA MMs is known to be very
small.42,43 Although overall the estimated number of AA
MM is higher in 2 antigen MM compared with 1 antigen
MM, there is a significant overlap in the estimated number
of AA MM between these 2 categories of antigen MMs
(Table 1, IQR, 90 and 95 percentiles). Notably, with any
given HLA antigen MM, there is significant variability in
the degree of AA MMs at peptide-binding sites including
pockets in the binding groove (SDC, http://links.lww.com/
TP/B402 on page 12-13 and Table S2). Thus, AA MMs at
biologically important sites provide a more accurate assessment
of the structural disparity in the HLA molecules than
counting mismatched antigens (0, 1, or 2 MMs); this is
consistent with a previous study using the HLA-DRB1 eplet
matching algorithm.29

The Association of HLA-A, -B, and -DRB1 AA
MMs With GF

Graft survival based on a Cox proportional-hazards model
using mean numbers of expected AAMMs was run one at a
time for each HLA-A, -B, -DRB1 locus and AA polymorphic
site (without any other locus/position variables in the model)
adjusted for comorbidity factors (Table S3, SDC, http://links.
lww.com/TP/B402). Afterward, a Cox proportional-hazards
regression model of time to GF was fitted to estimate the cu-
mulative risk of the statistically significant AA MM sites for
each HLA locus identified in the analysis above, adjusted
for the other HLA-A, -B, and -DRB1 AA variables per locus/
position. A statistically significant linear relationship was ob-
served between the estimated number of HLA-DRB1 AA
MMs andGF for both deceased and living related donor kid-
ney transplants (Figure 2). The initial slope of HLA-DRB1
(P < 0.0001) indicates increasing risk through the entire
range of AA MM with no significant change in the curve at
5 MMs. For living donor transplants, the initial slope of
HLA-DRB1 (P = 0.06) suggests possible increasing risk
from 0 to 5 MM with no significant change at 5 MMs
(Figure 2). For living unrelated donor transplants, none of
the initial slopes or spline factors reached significance (data
not shown). Estimated HLA-DRB1 amino MMs were generally
consistently associated with increased risk of GF in several
groupings defined by AA loci, donor type (living and deceased
donors), donor race, recipient race, and recipient panel-
reactive antibody level (<10% and >10%). There were however,
exceptions when dealing with smaller categories, for example,
transplants limited to deceased Asian donors with Asian
recipients (see page 13 and 14 and Table S3, SDC, http://
links.lww.com/TP/B402).

In a second analysis, Cox models of each of 10 separate
data sets with imputed AA variables were used to evaluate
the adjusted HR of GF by sum of AA MMs in HLA-A, -B,
and -DRB1 loci, using a continuous sum of AA MMs and
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splines at 5 and 10MMs, for HLA-A, B andDRB1. Each im-
puted data set was analyzed separately in a Cox model and
the data generated from the 10 imputation sets was com-
bined as described in the Materials and Methods. As in the
previous model, in deceased donor transplants, a statistically
significant (P = 0.04) linear relationship between the imputed
HLA-DRB1 AA MMs and increased risk of GF was found.
For living related donors, the initial DR slope was borderline
significant (P = 0.07), and no other slopes or splines were sig-
nificant (Figures S1A and S1B, SDC, http://links.lww.com/
TP/B402). The results obtained from the 2 Coxmodels of de-
ceased donor transplants were similar and showed an in-
creased risk of GF associated with increasing numbers of
estimated DRB1 AA MMs (HR, 1.15 per 10 DRB1 MMs
in the first model, and 1.10 per 10DRB1MMs in this second
model). Additionally, a Cox model adjusted for each donor
type showed that the interaction betweenHLAAAMMs ver-
sus deceased donor and living donor transplants was highly
significant in all 10 imputations; estimates of the HRs (and
95% CIs) adjusted for all confounding factors included in
the model are provided on pages 14-15 and Table S4, SDC,
http://links.lww.com/TP/B402.

The Association of HLA AA MMs with GF by
Posttransplantation Interval

The relationship between the imputed HLA-DRB1 AA
MMs and the adjusted HR of GF was stronger in the first
posttransplant year than it was after the first year (Figure 1,
and Table S5, SDC, http://links.lww.com/TP/B402). In the
first year posttransplant interval, the linear terms for
HLA-DRB1 (P < 0.0001) were statistically significant (HR,
1.30 per 15 DRB1 AA MMs; P < 0.0001). After the first
posttransplant year, the linear terms for HLA-DRB1
(P < 0.0001) were statistically significant; but the HR was
weaker than in the first year posttransplant (HR, 1.10 per
15 DRB1 AA MMs; P < 0.0001).

The association between the imputed DRB1 AAMM and
increased risk of GF by calendar year of transplant, restricted
to when molecular typing was introduced, is reasonably con-
sistent (ie, positive and of similar magnitude) within each
TABLE 2.

Adjusted HR for expected HLA-DRB1 AA MM site variables using

Mean % of MM Contact Site HR P

Deceased donor
HLA-DRB1
10 0.32 1.044 <0.0001
26 0.31 Peptide 1.018 0.0705
28 0.29 Pocket 7 1.032 0.0031
60 0.23 TCR 0.977 0.0487
74 0.48 Pocket 4 1.046 <0.0001

a Due to the well-known complex linkage disequilibrium patterns of polymorphic AAs in the peptide binding
influenced by which variables is retained in the model during prior steps in the selection process.
Correlations of imputed HLA AA MMs for HLA-DRB1 was evaluated using a Pearson correlation between the
sample size of 23 095 donor-recipient pairs from the cohort examined in this study. The observed highly cor
patterns of the polymorphic AAs in the binding site of HLA class I and class II molecules.41

R2 values of each 2 highly correlated imputed HLA-DRB1 AA MM sites shown in this table include:
Position 10 correlates with 9 (pocket 6, 9) [0.52], 11 (pocket 6) [0.57], 13 (pocket 6) [0.51], and 32 [0.5
Position 13 (pocket 6) correlates with 9 (pocket 6, 9) [0.52], 10 [0.51], and 11 (pocket 6) [0.85].
Position 14 (peptide contact) correlates with 25 [1.00], 57 (pocket 9) [0.57], 60 (TCR contact) [0.66], 73
T cell receptor.
year of transplant suggesting that differences in demo-
graphics orHLA typingmethods over time had no significant
effect (Figure S2, SDC, http://links.lww.com/TP/B402).

Joint Risk of GFAssociated With HLA AA MMs at
Multiple Sites

A stepwise approach was separately performed in the
model-building process in the 2 statistical analyses used in
this study as described in the Materials and Methods. In the
first approach, the expected AA MM variables that were
found to be statistically significant (see pages 15-16 and Ta-
ble S3, SDC, http://links.lww.com/TP/B402) were entered in
the model. A Cox proportional-hazards regression model of
time to GF was then fitted to estimate the cumulative risk as-
sociated with the statistically significant AAMM sites identi-
fied for each HLA locus. This analysis showed an increased
risk of GF associated with MMs at AA positions that make
up the pockets in the peptide-binding groove of HLA-
DRB1 molecules (Table 2). These findings were confirmed
using a stepwise model based on 10 separate analyses of the
imputed HLA alleles (see page 17 and Table S6, SDC,
http://links.lww.com/TP/B402). The combined estimates of
the HLA AA MM sites that were consistently selected in
all 10 of the imputations using the stepwise model are
summarized in Table 3. In deceased donor transplants,
HLA-DRB1 sites include (in numerical order): position 28
(pocket 7) (HR, 1.02; 95% CI, 1-1.04; P = 0.021) and 74
(pocket 4) (HR, 1.03; 95% CI, 1.01-1.05; P = 0.003). In
addition, position 10 has also a significant association with
GF (HR, 1.04; 95% CI, 1.03-1.06; P < 0.0001); it is note-
worthy that MMs at these positions are highly correlated with
other MMs at AA sites that are located in pockets 4, 6,
and 9 in the peptide-binding groove of HLA-DRB1 molecule
(Table 3 and Figure 3). In living donor transplants, position
13 (pockets 4 and 6) was significantly associated with
increased risk of GF (HR, 1.06; 95%CI, 1.02-1.1; P = 0.002).

DISCUSSION
We showed consistently statistically significant linear as-

sociations between the number of imputed HLA-DRB1 AA
the stepwise modela

Mean % of MM Contact Site HR P

Living donor
HLA-DRB1

13 0.74 Pocket 6 1.058 0.0043
14 0.13 Peptide 1.052 0.0316
32 0.26 1.043 0.0146
71 0.61 Pocket 4 1.065 0.0006
73 0.22 TCR 0.936 0.0021
74 0.48 Pocket 4 1.062 0.0027

site of HLA-DRB1 molecule, the inclusion of one over the other of 2 highly correlated MM sites can be

probabilities of no MM at 1 position compared with the probability of no MM at another position using a
related AA MM sites for each HLA-DRB1 locus is due to the well-known complex linkage disequilibrium

0].

(TCR contact) [0.56], 74 (pocket 4) [0.51], and 78 (peptide-contact) [0.89].
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TABLE 3.

AdjustedHR forHLA-DRB1AAMMsite variables identifiedusing
the stepwise model based on 10 separate HLA imputations

Deceased donors

AA position Mean % of MM SE HR (95% CI) P

HLA-DRB1
10 0.043469 0.008789208 1.04 (1.03 -1.06) <0.0001
26 0.023593 0.009881684 1.02 (1-1.04) 0.017
28 0.021667 0.009384801 1.02 (1-1.04) 0.021
74 0.026688 0.008937754 1.03 (1.01-1.05) 0.003

The AA MM variables evaluated in this analysis were selected by arbitrarily including only 1 site for
each 2 highly correlated AA mismatched sites (r2 > 0.70) at each HLA locus. The following 23 variable
sites were used for HLA-DRB1: positions 9, 10, 13, 14, 16, 26, 28, 31, 32, 33, 37, 38, 40, 47, 57,
58, 67, 70, 71, 74, 77, 85, and 86.
Correlations of imputed HLA AA MMs for HLA-DRB1 was evaluated using a Pearson correlation be-
tween the probabilities of no MM at 1 position compared with the probability of no MM at another po-
sition using a sample size of 23,095 donor-recipient pairs from the cohort examined in this study. The
observed highly correlated AA MM sites for each HLA-DRB1 locus is due to the well-known complex
linkage disequilibrium patterns of the polymorphic AAs in the binding site of HLA class I and class II
molecules.41

R2 values of highly correlated HLA-DRB1 AA MM sites shown in this table include:
Position 10 correlates with 9 (pocket 6, 9) [0.52], 11 (pocket 6) [0.57], 13 (pocket 6) [0.51], and 32
[0.50].
Position 28 (pocket 7) correlates with 30 (peptide-contact) [0.75].
Position 74 (pocket 4) correlates with 14 (peptide contact) [0.51], 25 [0.51], 57 (pocket 9) [0.56], 60
(TCR contact) [0.51], 73 (TCR contact) [0.63], and 78 (peptide contact) [0.53].

FIGURE 3. HLA-DRB1 AA substitutions in peptide-binding pockets
account for the highest risk of GF attributable to HLA AAMMs. Figure
illustrates the localization of HLA-DRB1 AA MMs found to be signifi-
cantly associated with GF using a stepwise model as described in
the Materials and Methods. AA sequences of HLA-DRB1 α and β
chain are mapped onto a worm representation. AAmismatched sites
of the HLA-DRB1 beta chain that account for the highest risk of GF
attributable to HLA AAMM are labeled and numbered, with positions
71 and 74 occupying the P4 pocket, positions 11 and 13 occupying
the P6 pocket, positions 28 occupying the P7 pocket, and position
57, occupying the P9 pocket. Arrows show these AA positions and
pockets. Amolecular model of the HLA-DRB1 α1β1 domain was de-
rived by homology modeling from the 3D coordinates of HLA-DRB1
*04 (Pdb_id 1:4MDJ_B and 4MDJ_A) with the bound peptide de-
rived from Vimentin (Pdb_id 1:4MDJ_C).44 A worm representation
model of AA sequences was produced using a Cn3Dmacromolecu-
lar structure viewer to view 3-dimensional structures from the NCBI's
Entrez Structure database. (http://www.ncbi.nlm.nih.gov/Structure/
CN3D/cn3d.shtml). The functional and structural correlates of AA
polymorphisms and interacting residue positions were based on a
previously published report.2Correlationsplot of imputedHLAAAMMs for
HLA-DRB1 was evaluated using a Pearson correlation between the
probabilities of no MM at 1 position compared with the probability
of no MM at another position using a sample size of 23,095
donor-recipient pairs from the cohort examined in this study. The ob-
served highly correlated AA MM sites for each HLA- DRB1 locus is
due to the well-known complex linkage disequilibrium patterns of the
polymorphic AAs in the binding site of HLA class II molecule. R2

values of highly correlated HLA-DRB1 AA MM sites forming
pockets 4, 6, 7, and 9 are listed below. Position 9 (pockets 6, 9) corre-
lates with 10 [0.52], 11 (pocket 6) [0.62], and 13 (pocket 6) [0.52]. Po-
sition 13 (pocket 6) correlates with 9 (pockets 6, 9) [0.52], 10 [0.51],
and 11 (pocket 6) [0.85]. Position 28 (pocket 7) correlates with 30
(peptide-contact) [0.75]. Position 57 (pocket 9) correlates with 14
(peptide contact) [0.57], 25 [0.57], 60 (TCR contact) [0.86], 74
(pocket 4) [0.56], 78 (peptide contact) [0.64]. Position 74 (pocket
4) correlates with 14 (peptide contact) [0.51], 25 [0.51], 57 (pocket
9) [0.56], 60 (TCR contact) [0.51], 73 (TCR contact) [0.63], and 78
(peptide contact) [0.53].
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MMs and the risk of GF in kidney transplant recipients based
on a very large registry data set. Models were adjusted for
key donor and recipient covariates that influence outcome in-
cluding antigen mismatching (HLA-A, -B, and -DRB1 2-digit
specificity). Thus, this incremental risk was independent of
the well-known association ofHLA-DRB1 antigenMMwith
graft survival.45 The linear relationship between the number
of imputedAAMMs andGF suggests a synergy betweenmis-
matched AAs associated with allograft survival. Although over-
all, this incremental risk appears to be modest, it is actually
much stronger when the number of imputed AA MM
exceeds 10 during the first year after transplantation
(Figure 1; HR = 1.30 per 15 DRB1 AA MM; P < 0.0001);
this incremental risk is not insignificant compared to 1.15
and 1.26 relative risk of GF with 1 or 2 DRB1 MMs,
respectively.45 These findings are consistent with previous
studies showing that the association of HLA-DRB1 antigen
matching with graft survival is strongest during the first 6
to 12 months period after transplantation.13,46 Overall, the
imputed HLA-DRB1 AA MMs had a stronger association
with GF than that of HLA-A and HLA-B on AA MMs (see
page 14-18 and Table S6 and S7, SDC, http://links.lww.
com/TP/B402); the influence of AA MMs of these 3 HLA
loci on graft survival may be additive as previously reported
for HLA antigen matching.46

Importantly, estimated AA MMs at particular positions
in the HLA-DRB1 peptide-binding groove including the
pockets account for a significant incremental risk of GF that
was independent of the well-known association of HLA anti-
genMMs. Within any given HLA-DRB1 antigen MM, there
is variability in the degree of nonself AA at peptide-binding
sites that can influence alloreactivity leading toGF; this struc-
tural variability cannot be assessed by the simple count of
DRB1 antigen MM (1 or 2 MM) alone. However, the dis-
tinction between the associations of specific AAs with GF is
not simple, due to the well-known complex linkage disequi-
librium patterns of polymorphic AAs in the binding site of
HLA class I and class II molecules.41,47 In addition, this link-
age disequilibrium makes it difficult to evaluate the interac-
tions between individual AA MMs that were significantly
associated with GF.

Our findings demonstrate important clinical ramifications
of prior structural and functional studies highlighting the im-
portance of AA substitutions at peptide-binding sites of HLA
molecules in altering T cell allorecognition5,17,19 and alloanti-
body specificity.7,8 Both direct T cell allorecognition as well as
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indirect Tcell allorecognition could play an important role in
GF.48 A major source of alloreactivity is thought to be T cell
receptor cross-reactivity between distinct HLA allelic vari-
ants from the same HLA class I (or class II) gene.2,4–6 Fur-
thermore, HLA AA substitutions can significantly impact
the indirect pathway of T cell allorecognition wherein the al-
logeneic graft HLA molecule itself is degraded into peptides
and presented on host HLAmolecules; the antigenic peptides
can arise from cleft and noncleft regions of the HLA mole-
cules secondary to AA polymorphisms in these regions.

Our finding is reminiscent of several reports describing the
importance of HLA-DRB1AA substitution affecting peptide-
binding pockets in conferring susceptibility or resistance to
several immune-mediated diseases by restricting the nature
of peptides that can be accommodated in the HLA pockets
of the antigen binding groove,41,44,47,49,50 further underlying
the clinical importance ofHLAAApolymorphisms at peptide-
binding pockets.

Only a few studies to date have evaluated the association
of HLA class II AA MMs with the risk of kidney allograft
survival using the epitope/eplet matching algorithm; these
studies were single-center studies and were based on a small
sample size.21,25 A key strength of our study is the use of a
very large registry of the United Network for Organ Sharing
data set. The very large sample size serves tomitigate possible
errors to a large extent and provides a more comprehen-
sive coverage of HLA AA polymorphism associated with a
racially/ethnically diverse transplant population. In addition,
these previous studies picked the most likely allele corre-
sponding to an HLA 2-digit specificity, ignoring other HLA
alleles which are present with a lower frequency in a particu-
lar population; thus, introducing a high degree of uncertainty
as compared to the multiple imputations approach described
in our study. Limitation in defining HLA epitopes/eplets
without allele level data is upheld by Duquesnoy et al.26,51,52

Other studies used the epitope/eplet algorithm to assess the
magnitude of humoral sensitization. In these studies, the al-
gorithm, based on AA polymorphisms in antibody accessible
sites of the HLA molecules, was used for the definition of accept-
ableMMs andHLA compatibility for highly sensitized patients.26

The multiple imputation of HLA alleles we applied in this
study is a well-accepted tool to use when high-resolution
HLA typing is not feasible due to the high cost and lack
of access to a sufficient number of archived samples, as in
our study.37 This imputation is at the core of the National
MarrowDonor ProgramHaplostats algorithm that has been
widely used during the past several years to convert donor and
recipient low-resolution HLA haplotypes to the most likely
high-resolution alleles when HLA high resolution typing is
not available53; a cross validation of an imputation-based
HLA allele matching algorithm from 7 different allogeneic he-
matopoietic stem cell donor registries was recently reported,
supporting the reproducibility of this imputation algorithm.54

Although this cross validation was done in the context of
stem cell transplantation, imputation of HLA alleles using
the Haplostats algorithm has been previously used in the set-
ting of solid organ transplantation.21,25 These findings lend
additional strength to the interpretation of our results and
the ensuing consequences regarding kidney transplantation.

A potential limitation remains in the current study related
to the uncertainty of the estimate ofHLAAAMMsdue to the
imputation process. This was relatively small for most HLA-
A, B, and DRB1 AA sites (see page 7 and 8 and Figures S3
and S4, SDC, http://links.lww.com/TP/B402). This was
not unexpected because the bulk of AA MMs depends
mainly on the mismatched HLA antigens, which were not im-
puted. Because some degree of uncertainty exists at a few im-
puted AA MM sites (mainly positions 57, 71, 74, and 86 of
DRB1), the measurements of HR associated with these sites
are likely to have a higher standard error. However, these
measurement errors would generally result only in a power
reduction, underestimating the degree of the association of
AA MMwith GF but not result in an increased type 1 error
(detecting an association that is not present).

The computational approach we used may not efficiently
capture the magnitude of the association of HLAMMs with
GF because we examined HLA AA MMs at single AA vari-
able sites and did not consider combinations of AAs that
might be better suited to explain the biological differences
among various HLA molecules.41,47 Furthermore, in this
study, we did not interrogate polymorphic AA sites outside
the HLA binding groove; some of these sites could also have
a functional role. We also did not evaluate structural differ-
ences secondary to biochemical differences fromAA substitu-
tions for each variable site of HLA class I and class II molecules
that could impact immunogenicity; immunogenicity associ-
ated with AAMMs could not be evaluated in this study. Ad-
ditionally, given the strong linkage disequilibrium between
HLA-DRB1, DQB1, and DQA1 alleles, DQA1 and/or DQB1
MMs could partially explain the observed association of DRB1
AAMMwith GF. However, the constraint due to this linkage
disequilibrium is likely to be minimized by the adjustment we
have made for HLA-DRB1 antigen (2-digit specificity) MM.

In summary, estimated AAMMs at particular positions in
the HLA-DRB1 peptide-binding groove including the pockets
account for the main incremental risk of GF attributable to
the HLA AA MMs beyond those MMs assessed at the anti-
genic specificity. This study highlights the importance of con-
sidering AAMMs at solvent unexposed/peptide-binding sites
of HLA-DRB1 molecule in the assessment of the risk of GF.
Although our findings are not definitive and merit further in-
vestigation, we believe it is important to apply the newest sci-
entific concepts and the most precise technologies to define
HLA compatibility barriers so we can advance this field and
improve transplantation outcomes. The introduction of high-
resolution typing and next-generation sequencing are moving
the transplantation field towards practical clinical applications
for AA sequence based matching. Our data provide a reason-
able justification for future studies to confirm our findings and
to assess the incremental risk ofGF associatedwithDQA1and
DQB1 AAvariation at individual positions in these molecules.
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