? frontiers ‘ Frontiers in Immunology

‘ @ Check for updates

OPEN ACCESS

EDITED BY

Jukka Partanen,

Finnish Red Cross Blood Service,
Finland

REVIEWED BY

Manuel Muro,

Hospital Universitario Virgen de la
Arrixaca, Spain

Michael Gautreaux,

Wake Forest University, United States
Jouni Lauronen,

Finnish Red Cross Blood Service,
Finland

*CORRESPONDENCE
Ruth Sapir-Pichhadze
ruth.sapir-pichhadze@mcgill.ca

SPECIALTY SECTION

This article was submitted to
Alloimmunity and Transplantation,
a section of the journal

Frontiers in Immunology

RECEIVED 11 October 2022
AccepTED 08 November 2022
PUBLISHED 24 November 2022

CITATION

Lemieux W, Fleischer D, Yang AY,
Niemann M, Oualkacha K, Klement W,
Richard L, Polychronakos C, Liwski R,
Claas F, Gebel HM, Keown PA, Lewin A
and Sapir-Pichhadze R (2022)
Dissecting the impact of molecular T-
cell HLA mismatches in kidney
transplant failure: A retrospective
cohort study.

Front. Immunol. 13:1067075.

doi: 10.3389/fimmu.2022.1067075

COPYRIGHT
© 2022 Lemieux, Fleischer, Yang,
Niemann, Oualkacha, Klement, Richard,
Polychronakos, Liwski, Claas, Gebel,
Keown, Lewin and Sapir-Pichhadze. This
is an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction
in other forums is permitted, provided
the original author(s) and the
copyright owner(s) are credited and
that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is
permitted which does not comply with
these terms.

Frontiers in Immunology

TYPE Original Research
PUBLISHED 24 November 2022
D01 10.3389/fimmu.2022.1067075

Dissecting the impact of
molecular T-cell HLA
mismatches in kidney
transplant failure: A
retrospective cohort study

William Lemieux™?, David Fleischer?, Archer Yi Yang®,
Matthias Niemann*®, Karim Oualkacha®, William Klement®,
Lucie Richard’, Constantin Polychronakos®, Robert Liwski®,
Frans Claas'®, Howard M. Gebel", Paul A. Keown®,

Antoine Lewin®** and Ruth Sapir-Pichhadze**** on behalf of
the Genome Canada Transplant Consortium

‘Centre for Outcomes Research and Evaluation (CORE), Research Institute of McGill University
Health Centre, Montréal, QC, Canada, 2Medical Affairs & Innovation, Héma-Québec, Montréal, QC,
Canada, *Department of Mathematics and Statistics, McGill University, Montreal, QC, Canada,
“Research and Development, PIRCHE AG, Berlin, Germany, *Department of Mathematics, Université
du Québec a Montreal, Montreal, QC, Canada, ¢Division of Organ Donation and Transplantation,
Canadian Blood Services, Ottawa, ON, Canada, “Transfusion medicine/Reference Laboratory,
Héma-Québec, Montréal, QC, Canada, ¢Department of Pediatrics, The Research Institute of the
McGill University Health Centre and the Montreal Children’s Hospital, Montréal, QC, Canada,
°Department of Pathology, Dalhousie University, Halifax, NS, Canada, **Department of
Immunology, Leiden University Medical Centre, Leiden, Netherlands, *Pathology and Laboratory
Medicine, Emory University, Atlanta, GA, United States, ?Department of Medicine, University of
British Columbia, Vancouver, BC, Canada, **Faculty of Medicine and Health Sciences, Université de
Sherbrooke, Sherbrooke, QC, Canada, *Division of Nephrology and the Multi-Organ Transplant
Program, Royal Victoria Hospital, McGill University Health Centre, Montréal, QC, Canada,
*Department of Epidemiology, Biostatistics and Occupational Health, McGill University, Montréal,
QC, Canada

Introduction: Kidney transplantation is the optimal treatment in end-stage
kidney disease, but de-novo donor specific antibody development continues
to negatively impact patients undergoing kidney transplantation. One of the
recent advances in solid organ transplantation has been the definition of
molecular mismatching between donors and recipients’ Human Leukocyte
Antigens (HLA). While not fully integrated in standard clinical care, cumulative
molecular mismatch at the level of eplets (EMM) as well as the PIRCHE-II score
have shown promise in predicting transplant outcomes. In this manuscript, we
sought to study whether certain T-cell molecular mismatches (TCEMM) were
highly predictive of death-censored graft failure (DCGF).

Methods: We studied a retrospective cohort of kidney donor:recipient pairs
from the Scientific Registry of Transplant Recipients (2000-2015). Allele level
HLA-A, B, C, DRB1 and DQBL1 types were imputed from serologic types using
the NMDP algorithm. TcEMMs were then estimated using the PIRCHE-II
algorithm. Multivariable Accelerated Failure Time (AFT) models assessed the
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association between each TcEMM and DCGF. To discriminate between
TcEMMs most predictive of DCGF, we fit multivariable Lasso penalized
regression models. We identified co-expressed TcEMMs using weighted
correlation network analysis (WGCNA). Finally, we conducted sensitivity
analyses to address PIRCHE and IMGT/HLA version updates.

Results: A total of 118,309 donor:recipient pairs meeting the eligibility criteria
were studied. When applying the PIRCHE-II algorithm, we identified 1,935
distinct TCEMMs at the population level. A total of 218 of the observed TCEMM
were independently associated with DCGF by AFT models. The Lasso penalized
regression model with post selection inference identified a smaller subset of 86
TcEMMs (56 and 30 TcEMM derived from HLA Class | and II, respectively) to be
highly predictive of DCGF. Of the observed TcEMM, 38.14% appeared as
profiles of highly co-expressed TcEMMs. In addition, sensitivity analyses
identified that the selected TcEMM were congruent across IMGT/HLA versions.

Conclusion: In this study, we identified subsets of TCEMMs highly predictive of
DCGF and profiles of co-expressed mismatches. Experimental verification of
these TcEMMs determining immune responses and how they may interact with
EMM as predictors of transplant outcomes would justify their consideration in
organ allocation schemes and for modifying immunosuppression regimens.

KEYWORDS

human leukocyte antigens, PIRCHE-II, death-censored graft failure, feature selection,

network analysis

Introduction

Solid organ transplantation is the definitive treatment for
eligible patients with end stage organ failure (1). Among all solid
organs, kidney transplants are the most frequent. Yet, premature
graft failure makes re-transplantation a common event. Of the
various causes of premature kidney graft failure, rejection is the
leading cause (2). Rejection involves the immunological
recognition of the graft as foreign and its attack by the host’s
immune system. While this process can be mitigated by
induction and maintenance immunosuppression, poor
adherence, or dose reduction render patients more vulnerable

Abbreviations: ABMR, Antibody-Mediated Rejection; AFT, Accelerated
Failure Time; AIC, Akaike Information Criterion; 95% CI, 95% Confidence
interval; DCGF, Death-Censored Graft-Failure; DSA, Donor-Specific
Antibodies; EMM, Eplet mismatch; HLA, Human Leucocyte Antigen; HR,
Hazard ratio; KTR, Kidney Transplant Recipient; LB, Lower bound of the
95% CI; MICE, Multiple Imputation by Chained Equations; PRA, Panel
Reactive Antibodies; PIRCHE-II, Predicted Indirectly Recognizable HLA
Epitopes presented by HLA Class II; SRTR, Scientific Registry of
Transplant Recipients; TcEMM, T-cell molecular mismatch; UB, Upper
bound of the 95% CIL.
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to developing immune injury because of incompatibility of
human leukocyte antigens (HLA) with their donors.
Immune-related injury is less likely when HLA compatibility
is greater between patients and donors. Yet, the fact that more
than 32,000 HLA alleles have been identified makes complete
HLA allelic matching of unrelated donors and patients
exceedingly difficult (3). In recent decades, algorithms
developed to study the degree of molecular HLA mismatch
between donors and recipients have gained traction (4).
HLAMatchmaker, for example, considers eplets, which
represent polymorphic residues within a radius of 3.0-3.5 A of
a given sequence position on the molecular surface (5, 6). Eplet
mismatches (EMM) were found to be predictive of immune
injury and graft failure (7-10). Efforts to optimize compatibility
at the level of HLA eplets offer the advantage of avoiding the
incompatibilities that tend to inform antibody development.
Also, the likelihood of identifying eplet compatible donors is
increased by virtue of eplets being common to HLA alleles of the
same locus and across loci (11, 12). While the literature
primarily considered cumulative load of EMM as a predictor
of transplant outcomes, EMM may differ in their association
with inferior transplant outcomes (13), with individual high-risk
eplet mismatches (and/or EMM co-expressed with them)
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informing graft failure risk with greater discrimination than the
overall EMM load (14).

It is also important to recall that most EMM were envisioned
to explain immune recognition by B-cells, which represents only
part of the sequence of events leading to donor-specific antibody
(DSA) development and allograft rejection. While the B-cell
response is pivotal in DSA development, the T-cell response is
also of importance (15). To address the indirect immune response
by T-cells, a complementary approach was developed in the form
of the Predicted Indirectly ReCognizable HLA Epitopes
(PIRCHE-II) algorithm (16). The PIRCHE-II approach uses the
protein sequence of HLA alleles to predict the allogeneic foreign
peptides that can be presented within the recipients’ HLA Class II
groove. Several reports suggest that the mismatch load of donor-
derived peptides, which are absent in the recipient self-peptidome,
but expressed by recipient HLA, are predictive of immune
response and graft failure (17-19). As the peptides used for
PIRCHE-II represent theoretical T-cell epitopes, it is important
to verify their association with outcomes like graft failure. We
posit that while the load of PIRCHE-II may be predictive of graft
failure, individual PIRCHE-II peptides, or T-cell molecular
mismatch (TcEMM), might carry different risks.

Like EMM, the analysis of PIRCHE-II is highly susceptible to
the complexities of high dimensionality and relatedness between
PIRCHE-II peptides. The relatedness (measured by correlation) is,
at least in part, due to the tendency of HLA genes to be in linkage
disequilibrium, and for PIRCHE-II peptides to be present in
relation to multiple HLA molecules (20). Consequently, a large
cohort is necessary to disentangle which of the mismatched
PIRCHE-II peptides are most predictive of transplant outcomes.
While both EMM and TcEMM may interact to inform transplant
outcomes, one must first evaluate TcEMM as independent
predictors. We thus conducted a retrospective cohort study to
verify the independent association of mismatched PIRCHE-II
peptides and death-censored graft failure (DCGF), assess the
relatedness between mismatched peptides, and determine
TcEMM most predictive of DCGF.

Methods
Data source

This study used data from the Scientific Registry of Transplant
Recipients (SRTR). The SRTR data system includes data on all
donors, wait-listed candidates, and transplant recipients in the
US, submitted by the members of the Organ Procurement and
Transplantation Network (OPTN). The Health Resources and
Services Administration (HRSA), U.S. Department of Health
and Human Services provides oversight to the activities of the
OPTN and SRTR contractors. The McGill University Health
Center research ethics board approved the study.
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Study design

We performed a retrospective cohort study in kidney
transplant recipients (KTRs) transplanted from January 1%,
2000 to January 1%, 2015. We excluded KTR who received
multi-organ transplants or who had prior transplants. We also
excluded KTRs who exhibited preformed antibodies (based on
peak panel reactive antibody (PRA) above 0% irrespective of the
cause for sensitization, those missing PRA, and those who
experienced primary graft non-function.

HLA typing and PIRCHE-II assignment

Allele-level HLA-A, -B, -C, -DRBI, and -DQBI genotypes
were imputed using the National Marrow Donor Program
algorithm as previously described (13). This corresponds to the
best performing imputation strategy currently available with
limited implications to the identity of Class I but more so for
Class IT PIRCHE-II and EMM (21, 22). The PIRCHE-II algorithm
(version 3.2, IMGT/HLA version 3.46) was applied to allele-level
genotypes and yielded mismatched peptides, representing
theoretical TcEMMs, as well as the PIRCHE-II score (Figure 1).
The peptides considered the subset of 15 amino acid frames from
the donors’ HLA proteins capable of binding to the recipient’s
HLA-DRBI. Of these, 9-amino-acid-long cores, absent from the
recipients’ repertoire of cores, and directly binding to the
recipients’ HLA-DRB1 were considered for TcEMM analysis.
Each of the recipients’ HLA-DRBI1 as well as TcEMM
(determined for donor:recipient pairs) were modeled as binary
variables (present/absent) yielding a TcEMM expression matrix.

Outcome and covariates

The primary outcome was time to DCGF, defined as return to
dialysis or re-transplantation. All baseline characteristics of
recipients (age, sex, time on dialysis, insurance coverage, and
HLA-DRBI1), donors (age, sex, and type) and transplants
(transplant era, induction agent, calcineurin inhibitor type, steroid
use, cold-ischemia time, and donor-recipient weight ratio) were
considered as potential covariates (see Supplementary Table I).

Statistical analyses

Eligible KTRs were followed until graft-failure, death, or
administratively censored on May 31%, 2015. We performed
univariable and multivariable (considering all covariates)
regression using an Accelerated Failure Time (AFT) model
(under a Weibull distribution) of the log-transformed PIRCHE-
IT score. Missing values for covariates were previously imputed by
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Representation of the PIRCHE-II algorithm. 15-amino acid long peptides (15-mers) are calculated for both recipient and donor. The subset of
peptides differing between donor and recipient that are predicted to bind to the recipient s Class Il HLA are considered as TCEMM:s.

Multiple Imputation by Chained Equations (MICE) (13). In
accordance with previous studies with PIRCHE-II score, a value
of 1 was added to the scores prior to the log-transformation (23).
As we found that for some TcEMM, the proportionality of
hazards assumption was violated in the models assessing risk of
DCGF (Supplementary Table 1), instead of Cox proportional
hazards (CoxPH) models, we fit the AFT models. We then
compared the Akaike Information Criterion (AIC) scores of the
models built under the CoxPH assumption and the AFT models
to determine the best-fitting model for single TcEMM. For each
TcEMM, the hazard ratio (HR) was calculated, with HRs above 1
indicating a higher risk in the presence of a TcEMM and HRs
below 1 indicating a decreased risk. We used the Benjamini-
Hochberg procedure to control the false discovery rate as we
performed multiple tests (24). Finally, we reported on the
frequency of each TcEMM in the population of donor-recipient
pairs and compared the frequency of TcEMM associated with
DCGEF vs. not.

To identify a subset of TcEMMs highly predictive of DCGF,
while considering highly co-expressed TcEMM, we fitted
penalized Cox regression models. We used the Least Absolute
Shrinkage and Selection Operator (Lasso) method for feature
selection and regularization of data (25, 26). Lasso performs L1-
norm regularisation on a Cox regression model. To select the
appropriate regularisation parameter, 10-fold cross-validation
was used and cross-validation error was minimized. TcEMM
selected by Lasso, were then subject to post-selection inference.
The latter procedure helped inform valid confidence intervals
for the selected coefficients verifying that all variables included in
the final model were relevant. To identify residue positions
differing between selected and unselected TcEMM, we
compared amino acid residues using the DiffLogo R package.

Lasso penalized regression identifies, from a group of
potential variables, the most informative predictors in relation

Frontiers in Immunology

04

to an outcome of interest. In this process, one of several
correlated variables could be selected as the important
predictor. Yet, either the selected predictor, or the variables
correlated with it, could be causally related to the outcome. To
represent the interrelatedness between TcEMMs, we used
Weighted Correlation Network Analysis (WGCNA) and
computed the predictor’s correlation matrix. Using a
correlation threshold of 0.74 (corresponding to an adjacency
threshold of 0.3 (13)), we generated an adjacency matrix and
provided a visual representation of subsets of highly
correlated TcEMMs.

We performed a sensitivity analysis to evaluate how the
output of the PIRCHE-II algorithm may vary when considering
the most recent update to the IMGT/HLA version 3.47
(PIRCHE-II 3.3) in comparison to the prior version 3.46
(PIRCHE-II 3.2). We compared the mismatched TcEMMs
generated by the PIRCHE-II algorithm and evaluated the
impact of this change on the identity of TcEMM at the
population and at the donor-recipient pair level. Statistical
analyses were performed using several packages [WGCNA (27,
28), glmnet (25, 26), survival (29, 30), selectivelnference (31),
and DiftLogo (32)] from version 4.1.2 R statistical computing
software (33).

Results

Upon application of the exclusion criteria, we identified
118,309 eligible KTR (see Supplementary Figure I,
Supplementary Table 1 for the study flow diagram and
baseline characteristics). The median follow-up for the analytic
cohort was 6.39 years (Interquartile range (IQR) 3.12 - 10.01
years) and a total of 19,945 (~ 17%) DCGF events occurred
within a median of 3.12 years (IQR 1.42 - 6.54) post-transplant.
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In this cohort, log-transformed PIRCHE-II scores were
associated with an increased risk for DCGF, with significant
HRs of 1.16 (95% Confidence Interval [95%CI] = 1.14-1.17) and
1.14 (95%CI = 1.12-1.15) for univariable and multivariable
models, respectively.

DCGF risk associated with single TcCEMM

Using the PIRCHE-II algorithm, we identified 1935 distinct
TcEMM in our cohort, 1236 derived from HLA Class I and 699
from HLA Class II. Each TcEMM was present in a median of
1080 (IQR 46 - 4790; range 1 to 26,735) donor:recipient pairs. Of
the possible multivariable AFT models considering each
TcEMM as the main exposure, the Weibull distribution offered
the best fit as measured by the AIC score, and all distributions
were better than the fit from CoxPH models (Supplementary
Table 2). Figure 2 presents HRs of DCGF and 95% CI for
TcEMM observed in >50 donor:recipient pairs and after
correcting for multiple testing. The complete list of TcCEMM
and their associated risk estimates for DCGF is available in
Supplementary Table 3.

Frequencies of TCEMM in the cohort

When assessing whether the frequencies of TcEMM differed
between those TcCEMM that were predictive of DCGF and those
that were not, we observed overlapping distributions (median
(range): 6.27x10°% (8.45x107°° - 2.26x10°'") and 9.44x10*
(8.45x107% - 2.02x10°"), respectively).

Dissecting TcEMM most predictive of
DCGEF risk

To fit a parsimonious model including the selection of
TcEMM most predictive of DCGF, we fit regression models
and applied a Lasso penalization term. A subset of 104 Class I
and 82 Class II derived TcCEMM were identified as predictors of
DCGF (Figure 3, Supplementary Table 4). Of these, 56 Class I
and 30 Class II derived TcEMM were significant by the post-
selection inference test. When assessing whether the increased
DCGEF risk was informed by differences in amino acids at one or
more positions of the TCEMM selected by the Lasso (and verified
by post-selection inference) in comparison to those that were not
selected, we did not find significant differences.

Profiles of TcEMMs

Co-expressed TcEMMs observed in the entire cohort when
undergoing WGCNA are presented in Figure 4A. A total of 738
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TcEMM appeared within 242 profiles, with profiles comprising
of 2 to 18 TcEMMs. The remaining TcEMM appeared as
singletons. Rather than the selected predictor TcEMM, a co-
expressed TcEMM (represented in the profile) may in fact be
causally related to increased DCGF risk. The relation between
Lasso selected TCEMM and mismatched profiles is visualized in
Figure 4B (see also https://wlemieux03.github.io/TcEMM/for
interactive graphs).

Sensitivity analyses

We conducted sensitivity analyses to address IMGT/HLA
version updates. Realising the PIRCHE-II algorithm is likely to
yield distinct TcEMM as the IMGT/HLA database is updated,
we evaluated the differences between the TcEMM observed in
the IMGT/HLA version the PIRCHE-II algorithm relied on for
our main analyses (3.46) with those observed with the most
recent version (3.47) (Supplementary Table 5). The updated
version resulted in 144 different TCEMM affecting only 171
donor:recipient pairs of the analytic cohort (0.14%); among
those, 84 rare TCEMM were no longer observed in the cohort,
and 60 additional TcEMM were different in some donor:
recipient pairs.

Discussion

Using a data driven approach, we studied a retrospective
cohort of KTR from the SRTR to identify selected TcCEMM most
predictive of DCGF. In contrast to the traditional TcEMM
analysis, which yields PIRCHE-II scores (akin to TcEMM load),
our analyses sought to distinguish between TcEMMs associated
with an increased risk of DCGF and those that were not. AFT
models followed by penalized regression models and post-
selection inference informed an up to 20-fold reduction in the
number of TcEMMs associated with DCGF. These findings pave
the way to more targeted experimental verification of TcEMMs.
Such experimental verification will then lend support to their
consideration in decisions on organ allocation and personalized
management of KTR.

There is a need for novel biomarkers informing risk for
immune and non-immune-mediated outcomes in kidney
transplantation (34, 35). With the wider acceptance of
molecular mismatch (5), or EMM load, as a predictor of
transplant outcomes, there has been a growing interest in
determining how the T-cell counterpart may contribute to
transplant outcomes. Prior publications proposed TcEMM
score thresholds for risk stratification of kidney transplant
recipients (17-19, 36, 37). To further refine the assessment of
risk by TcEMM, we sought to study how the identity of
TcEMM informs risk. Sufficient statistical power was needed
to study high dimensional data and disentangle which of the
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FIGURE 2

TcEMM associated with death-censored graft failure (DCGF). Hazard ratios and 95% confidence intervals (95%Cl) for DCGF by TcEMM in
Accelerated Failure Time (AFT) multivariable models adjusted for covariates included in Supporting Table 1 and the recipient's HLA-DRBL1.

TcEMM originating from Class | (A, B) and Class Il HLA (C, D) present in >50 recipients and meeting the threshold of statistical significance when

correcting for multiple testing are presented by decreasing frequency. Dashed lines indicate logarithmic frequency bins.

this manuscript. However, it should be noted that 56 of the 60
TcEMM identified by Niemann and colleagues originated from

interrelated TCEMMs represent the most important predictors.

Recently, in a study of child-specific antibodies in pregnant

or presented by HLA-DRB3/4/5, -DQA1, -DPBI, or -DPAI,

women, Niemann and colleagues identified a subset of TCEMM
proposed to be highly immunogenic (19). Challenged by a

which are unavailable in the analytic dataset. There are several

methodological differences, including the strategy in TcEMM

small sample size, none of the TcEMMs were found to

ascertainment, the context of the sensitizing event studied

significantly associate with DSA development. This is despite

(pregnancy vs. transplantation), and outcomes studied (DSA

previously observed associations between TcEMM score and

vs. DCGF). Niemann et al. also identified that position 4 of the
peptides was different between high and low-risk TcEMM, with

child-specific antibody development (19). Interestingly, of the

60 peptides highlighted in the analysis by Niemann and

serine and glutamic acid being more frequent in high-risk

colleagues, 41 were also observed in our cohort, and 14 of

TcEMM and phenylalanine and aspartic acid more frequent in

these were selected by one or more of the analyses reported in
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FIGURE 3

TcEMM selected as predictors of DCGF by Lasso penalized regression model. Hazard ratios for DCGF by selected TcEMMs originating from Class |

(A, B) and Class Il HLA (C, D) are presented by decreasing frequency. TCEMMs maintaining their status as statistically significant predictors following

post-selection inference are represented in blue. Models were adjusted for the covariates included in Table 1 and the recipient’'s HLA-DRB1. Dashed

lines indicate logarithmic frequency bins with TCEMM to the left of the 10™° frequency being observed only in a single individual from the cohort.

molecular mismatches rather than the frequency with which

low-risk TCEMM. When using DiffLogo in our dataset, we were

they are observed. This impact of rare TcEMM emphasizes the

not able to observe significant differences at any amino-acid

need to study large and well specified prospective multicenter

position for TCEMM selected by Lasso, to support the notion

cohorts with unambiguous allele-level HLA types with

that enrichment of amino acid differences distinguishes high-

risk TcEMM.

information on longitudinal exposure to immunosuppression.

When planning for future clinical applications, donor:recipient

It has been proposed that the frequency of TcCEMM among

incompatibility due to frequently observed high-risk TcEMM:s

donor:recipient pairs may affect the likelihood of it being
predictive of DCGF. Inevitably, rare albeit high risk TcEMM

can be readily avoided as kidneys with high-risk cores could be

allocated to candidates expressing similar cores. In the case of

are likely to yield imprecise relative risk estimates (Figure 2).

rare high risk Tc(EMM on the other hand, the likelihood of

Importantly, the high-risk for DCGF observed with certain

finding a compatible candidate is lower, and it may be important

TcEMMs is more likely informed by the properties of
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FIGURE 4

10.3389/fimmu.2022.1067075

Interrelatedness of TCEMMs selected by Lasso penalized regression. Each node represents a TCEMM associated with death-censored graft
failure (DCGF) in Accelerated Failure Time (AFT) Models (A) and Lasso penalised regression (B). In panel (A), TCEMMs associated with DCGF by
AFT models when accounting for multiple testing present in >50 donor: recipient pairs and those in <50 donor:recipient pairs are represented in
Red and Yellow, respectively. In panel (B), TCEMMs selected by the penalized regression model and the subset of TcCEMMs that remained
significant following post-selection inference are represented in Red and Blue, respectively. In both Figures, only edges connecting between
highly co-expressed TCEMM are shown. https://wlemieux03.github.io/TcEMM/ provides more detailed and interactive graph

to plan for national organ sharing as a strategy to allocate these
organs to HLA compatible candidates.

Our study is the first to demonstrate an association between
PIRCHE-II and DCGF in SRTR as well as the first attempt to
identify TCEMM most predictive of DCGF. Nevertheless, we
would like to acknowledge several limitations of the analyses and
outline future research directions. First, while leveraging the
analytical power enabled by the large SRTR dataset, which
includes diverse populations of KTR, compensating for the
sparsity of TcEMMs, it is vital to acknowledge that the
TcEMM estimation is dependent on IMGT/HLA version
considered and in the case of our analytic cohort relies on
imputation (38). Unavailability of HLA-DRB3/4/5, -DQAI,
-DPA1, and -DPBI1 could lead to under- or over-estimation of
TcEMM. Also, the analysis is limited considering the recipients’
presenting HLA was restricted to the HLA-DRBI locus. Despite
this, it is important to recall that there is a recognized utility for
imputation, especially in the context of solid organ
transplantation (22). Until large datasets with complete HLA
genotypes at the allele-level of both donors and recipients are
made available, our analyses can be used to inform analytical
strategies when managing sparse data and considering all
TcEMM, including rare ones. As the identity of rare peptides
may vary from one cohort to another, both internal and external
validation may be challenging. The consideration of rare HLA
alleles, and those for which the complete sequence is not yet
known, introduces another level of uncertainty. For these alleles,
the PIRCHE algorithms considers the closest fully sequenced
allele to inform on TcEMMs. While most such alleles differ from
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the closest alleles in intronic or noncoding regions, there could
be differences between the assumed and true TcEMMs. Second,
interrelatedness makes identification of TcEMMs that are
causally related to graft failure challenging. Approximately a
third of the TcEMM (38.14%) observed in our cohort were
represented within highly correlated profiles (Figure 3). Future
efforts for experimental verification of TcCEMM must consider
not only the Lasso selected high risk TcEMM but also those
represented in TcEMM profiles. Also, as there is currently no
direct measure of response to TcEMM, confirming the
immunogenicity of high-risk TCcEMM remains elusive (39). In
lieu of experimental verification, demonstration that high risk
TcEMM (or co-expressed TCEMM) associate with biopsy proven
rejection and graft loss in future prospective cohort studies and
clinical trials, will lend support to their clinical relevance. Third,
the PIRCHE-II algorithm predicts TcCEMM based on likelihood
of binding by HLA Class II. It is important to recall that the
chain of processes between peptide production, selection, and
presentation may also be at play but these are currently not well
elucidated. Last, our understanding of the interplay between
TcEMM and EMM as determinants of transplant outcomes is
also in evolution. T-cell and B-cell molecular mismatches have
been shown to associate with DSA and antibody-mediated
rejection (ABMR) in a small cohort of pediatric heart
transplant patients, as well as in adult kidney recipients (40,
41). The study showed that patients with high TcEMM and
EMM loads were at greatest risk. This would be in line with the
immunological perspective behind humoral responses, with
both B- and T-cell responses being involved in antibody
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production and class-switch. Future studies should assess
whether combinations of TcEMM and high-risk EMM may
better inform suboptimal transplant outcomes (13).

In conclusion, we sought to assess the contribution of
individual TcEMM as determinants of DCGF and were able to
distinguish increasingly smaller numbers of TcEMM most
predictive of this endpoint through various approaches.
Further validation of these TcEMM as determinants of
transplant outcomes in large independent cohorts with allele-
level HLA genotypes is needed. Furthermore, investigation of the
properties that may contribute to immune injury are also
needed. While TcEMM is not ready for clinical application,
our observations provide the foundation for future studies
assessing whether these high risk TcEMM (or the TcEMM co-
expressed with them) inform other hard clinical endpoints like
biopsy proven rejection. Such verification would justify their
avoidance during organ allocation or modifications of
posttransplant management when mismatches cannot be
avoided. Importantly, with a better differentiation of risk
profiles of particular EMM and TcEMM, future research is
needed to clarify how they interact and inform long-term
transplant outcomes.

Data availability statement

The data analyzed in this study was obtained from the SRTR.
To learn about the applicable licenses/restrictions and submit
requests to access these datasets, please consult: https://www.
srtr.org/requesting-srtr-data/data-requests/.

Ethics statement

The studies involving human participants were reviewed and
approved by McGill University Health Center research ethics board.
Written informed consent from the participants’ legal guardian/next
of kin was not required to participate in this study in accordance with
the national legislation and the institutional requirements.

Author contributions

Study conception and design: WL, RS-P. Acquisition of data:
RS-P. Analysis and interpretation of data: WL, DF, AY, and RS-P.
Drafting of manuscript: WL and RS-P Ciritical revision: WL, AY,
MN, KO, WK, LR, CP, RL, FC, HG, PK, AL, RS-P. All authors
contributed to the article and approved the submitted version.

Funding

This research was enabled thanks to support provided by
Genome Canada Large Scale Applied Research Program

Frontiers in Immunology

09

10.3389/fimmu.2022.1067075

Award “Precision Medicine CanPREVENT AMR” funded
by Genome Quebec, Genome British Columbia, Genome
Alberta, and Canadian Institutes of Health Research, Calcul
Quebec (https://www.calculquebec.ca) and Compute Canada
(https://www.computecanada.ca) through a Resource
Allocation for Research groups (RAC cna-921-ac), and a
MITACS Accelerate grant. RS-P is supported by Fonds de
recherche du Quebec—Santé chercheur boursier clinicien
award (grant no. 254386).

Acknowledgments

The authors thank James Hanley, Sahir Bhatnagar, and Jesse
Islam for their input on the analyses conducted.

Conflict of interest

MN is an employee of PIRCHE AG that runs the PIRCHE
web-portal.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships
that could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Author disclaimer

The data reported here have been supplied by the
Hennepin Healthcare Research Institute (HHRI) as the
contractor for the Scientific Registry of Transplant Recipients
(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.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2022.1067075/full#supplementary-material

frontiersin.org


https://www.srtr.org/requesting-srtr-data/data-requests/
https://www.srtr.org/requesting-srtr-data/data-requests/
https://www.calculquebec.ca
https://www.computecanada.ca
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1067075/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1067075/full#supplementary-material
https://doi.org/10.3389/fimmu.2022.1067075
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lemieux et al.

References

1. Black CK, Termanini KM, Aguirre O, Hawksworth JS, Sosin M. Solid organ
transplantation in the 21(st) century. Ann Transl Med (2018) 6(20):409.
doi: 10.21037/atm.2018.09.68

2. Sellares J, de Freitas DG, Mengel M, Reeve J, Einecke G, Sis B, et al.
Understanding the causes of kidney transplant failure: the dominant role of
antibody-mediated rejection and nonadherence. Am J Transplant (2012) 12
(2):388-99. doi: 10.1111/j.1600-6143.2011.03840.x

3. Marsh SGE. Nomenclature for factors of the HLA system, update October,
November and December 2021. Int ] Immunogenet (2022) 49(2):123-67. doi:
10.1111/iji.12568

4. Gebel HM, Norin AJ, Bray RA. From antigens to eplets: The evolution of
HLA. Hum Immunol (2022) 83(3):197-8. doi: 10.1016/j.humimm.2022.01.012

5. Duquesnoy R]. HLAMMATCHMAKER: a molecularly based donor selection
algorithm for highly alloimmunized patients. Transplant Proc (2001) 33(1-2):493-
7. doi: 10.1016/S0041-1345(00)02108-4

6. Duquesnoy RJ. A structurally based approach to determine HLA
compatibility at the humoral immune level. Hum Immunol (2006) 67(11):847—
62. doi: 10.1016/j.humimm.2006.08.001

7. Duquesnoy RJ. The eplet load concept in clinical transplantation. Pediatr
Transplant (2016) 20(7):884-5. doi: 10.1111/petr.12774

8. McCaughan JA, Battle RK, Singh SKS, Tikkanen JM, Moayedi Y, Ross HJ,
et al. Identification of risk epitope mismatches associated with de novo donor-
specific HLA antibody development in cardiothoracic transplantation. Am ]
Transplant (2018) 18(12):2924-33. doi: 10.1111/ajt.14951

9. Sapir-Pichhadze R, Zhang X, Ferradji A, Madbouly A, Tinckam KJ, Gebel
HM, et al. Epitopes as characterized by antibody-verified eplet mismatches
determine risk of kidney transplant loss. Kidney Int (2020) 97(4):778-85. doi:
10.1016/j.kint.2019.10.028

10. Wiebe C, Kosmoliaptsis V, Pochinco D, Gibson IW, Ho J, Birk PE, et al.
HLA-DR/DQ molecular mismatch: A prognostic biomarker for primary
alloimmunity. Am ] Transplant (2019) 19(6):1708-19. doi: 10.1111/ajt.15177

11. Heidt S, Haasnoot GW, Witvliet MD, van der Linden-van Oevelen MJH,
Kamburova EG, Wisse BW, et al. Allocation to highly sensitized patients based on
acceptable mismatches results in low rejection rates comparable to nonsensitized
patients. Am ] Transplant (2019) 19(10):2926-33. doi: 10.1111/ajt.15486

12. Nguyen HD, Wong G, Howard K, Claas FH, Craig JC, Fidler S, et al.
Modeling the benefits and costs of integrating an acceptable HLA mismatch
allocation model for highly sensitized patients. Transplantation. (2014) 97
(7):769-74. doi: 10.1097/01.TP.0000438639.36838.ac

13. Mohammadhassanzadeh H, Oualkacha K, Zhang W, Klement W, Bourdiec
A, Lamsatfi J, et al. On path to informing hierarchy of eplet mismatches as
determinants of kidney transplant loss. Kidney Int Rep (2021) 6(6):1567-79. doi:
10.1016/j.ekir.2021.03.877

14. Zahran S, Bourdiec A, Zhang X, Sapir-Pichhadze R. Not all eplet
mismatches are created equal - a cohort study illustrating implications to long-
term graft outcomes. Hum Immunol (2021) 83(3):225-32. doi: 10.1016/
j-humimm.2021.11.007

15. Bestard O, Meneghini M, Crespo E, Bemelman F, Koch M, Volk HD, et al.
Preformed T cell alloimmunity and HLA eplet mismatch to guide
immunosuppression minimization with tacrolimus monotherapy in kidney
transplantation: Results of the CELLIMIN trial. Am ] Transplant (2021) 21
(8):2833-45. doi: 10.1111/ajt.16563

16. Geneugelijk K, Spierings E. PIRCHE-II: an algorithm to predict indirectly
recognizable HLA epitopes in solid organ transplantation. Immunogenetics (2020)
72(1):119-29. doi: 10.1007/s00251-019-01140-x

17. Geneugelijk K, Niemann M, Drylewicz J, van Zuilen AD, Joosten I, Allebes
WA, et al. PIRCHE-II is related to graft failure after kidney transplantation. Front
Immunol (2018) 9:321. doi: 10.3389/fimmu.2018.00321

18. Lachmann N, Niemann M, Reinke P, Budde K, Schmidt D, Halleck F, et al.
Donor-recipient matching based on predicted indirectly recognizable HLA
epitopes independently predicts the incidence of De novo donor-specific HLA
antibodies following renal transplantation. Am J Transplant (2017) 17(12):3076—
86. doi: 10.1111/ajt.14393

19. Niemann M, Matern BM, Spierings E, Schaub S, Honger G. Peptides derived
from mismatched paternal human leukocyte antigen predicted to be presented by
HLA-DRBI1, -DRB3/4/5, -DQ, and -DP induce child-specific antibodies in
pregnant women. Front Immunol (2021) 12:797360. doi: 10.3389/fimmu.
2021.797360

20. Gonzalez-Galarza FF, McCabe A, Santos E, Jones ], Takeshita L, Ortega-
Rivera ND, et al. Allele frequency net database (AFND) 2020 update: gold-standard

Frontiers in Immunology

10

10.3389/fimmu.2022.1067075

data classification, open access genotype data and new query tools. Nucleic Acids
Res (2020) 48(D1):D783-8. doi: 10.1093/nar/gkz1029

21. D'Souza Y, Ferradji A, Saw C, Oualkacha K, Richard L, Popradi G, et al.
Inaccuracies in epitope repertoire estimations when using multi-locus allele-level
hla genotype imputation tools. HLA (2018) 82(1):33-9. doi: 10.1111/tan.13307

22. Krummey SM, Cliff Sullivan H. The utility of imputation for molecular
mismatch analysis in solid organ transplantation. Hum Immunol (2022) 83
(3):241-7. doi: 10.1016/j.humimm.2021.11.008

23. Kok G, Verstegen MMA, Houwen RHJ, Nieuwenhuis EES, Metselaar HJ,
Polak WG, et al. Assessment of human leukocyte antigen matching algorithm
PIRCHE-II on liver transplantation outcomes. Liver Transpl (2022) 28(8):1356-66.
doi: 10.1002/1t.26431

24. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. ] R Stat society: Ser B (Methodological)
(1995) 57(1):289-300. doi: 10.1111/§.2517-6161.1995.tb02031.x

25. Friedman J, Hastie T, Tibshirani R. Regularization paths for generalized
linear models via coordinate descent. ] Stat Software (2010) 33(1):1-22.
doi: 10.18637/jss.v033.i01

26. Simon N, Friedman JH, Hastie T, Tibshirani R. Regularization paths for
cox's proportional hazards model via coordinate descent. J Stat Software (2011) 39
(5):1-13. doi: 10.18637/js5.v039.i05

27. Langfelder P, Horvath S. WGCNA: an r package for weighted correlation
network analysis. BMC Bioinf (2008) 9:559. doi: 10.1186/1471-2105-9-559

28. Langfelder P, Horvath S. Fast r functions for robust correlations and
hierarchical clustering. J Stat Software (2012) 46(11):1-17. doi: 10.18637/jss.v046.i11

29. Therneau TM. A package for survival analysis in r. 3.2-13 (2021). Available
at: https://CRAN.R-project.org/package=survival.

30. Therneau TM, Grambsch PM. Modeling survival data: Extending the cox
model. New York: Springer (2000).

31. Tibshirani R, Tibshirani R, Taylor J, Loftus J, Reid S, Markovic J.
selectivelnference: Tools for post-selection inference. 1.2.5 (2019). Available at:
https://CRAN.R-project.org/package=selectivelnference.

32. Nettling M, Treutler H, Grau J, Keilwagen J, Posch S, Grosse I. DiffLogo: a
comparative visualization of sequence motifs. BMC Bioinf (2015) 16:387. doi:
10.1186/512859-015-0767-x

33. R Core Team. R: A language and environment for statistical computing.
4.1.2: R foundation for statistical computing (2021). Available at: https://www.R-
project.org/.

34. Alfaro R, Martinez-Banaclocha H, Llorente S, Jimenez-Coll V, Galian JA,
Botella C, et al. Computational prediction of biomarkers, pathways, and new target
drugs in the pathogenesis of immune-based diseases regarding kidney
transplantation rejection. Front Immunol (2021) 12:800968. doi: 10.3389/
fimmu.2021.800968

35. Swanson KJ, Aziz F, Garg N, Mohamed M, Mandelbrot D, Djamali A, et al.
Role of novel biomarkers in kidney transplantation. World J Transplant. (2020) 10
(9):230-55. doi: 10.5500/wijt.v10.i9.230

36. Peereboom ETM, Matern BM, Tomosugi T, Niemann M, Drylewicz J,
Joosten 1, et al. T-Cell epitopes shared between immunizing HLA and donor HLA
associate with graft failure after kidney transplantation. Front Immunol (2021)
12:784040. doi: 10.3389/fimmu.2021.784040

37. Senev A, Van Loon E, Lerut E, Callemeyn J, Coemans M, Van Sandt V, et al.
Risk factors, histopathological features, and graft outcome of transplant
glomerulopathy in the absence of donor-specific HLA antibodies. Kidney Int
(2021) 100(2):401-14. doi: 10.1016/j.kint.2021.01.029

38. Lemieux W, Mohammadhassanzadeh H, Klement W, Daniel C, Sapir-
Pichhadze R. Matchmaker, matchmaker make me a match: Opportunities and
challenges in optimizing compatibility of HLA eplets in transplantation. Int ]
Immunogenet. (2021) 48(2):135-44. doi: 10.1111/iji.12525

39. Tambur AR, McDowell H, Hod-Dvorai R, Abundis MAC, Pinelli DF. The
quest to decipher HLA immunogenicity: Telling friend from foe. Am J
Transplantation. (2019) 19(10):2910-25. doi: 10.1111/ajt.15489

40. Mangiola M, Ellison MA, Marrari M, Bentlejewski C, Sadowski J, Zern D,
et al. Immunologic risk stratification of pediatric heart transplant patients by
combining HLAMatchmaker and PIRCHE-IL ] Heart Lung Transplant (2022) 41
(7):952-60. doi: 10.1016/j.healun.2022.03.015

41. Sakamoto S, Iwasaki K, Tomosugi T, Niemann M, Spierings E, Miwa Y, et al.
Analysis of T and B cell epitopes to predict the risk of de novo donor-specific antibody
(DSA) production after kidney transplantation: A two-center retrospective cohort
study. Front Immunol (2020) 11. doi: 10.3389/fimmu.2020.02000

frontiersin.org


https://doi.org/10.21037/atm.2018.09.68
https://doi.org/10.1111/j.1600-6143.2011.03840.x
https://doi.org/10.1111/iji.12568
https://doi.org/10.1016/j.humimm.2022.01.012
https://doi.org/10.1016/S0041-1345(00)02108-4
https://doi.org/10.1016/j.humimm.2006.08.001
https://doi.org/10.1111/petr.12774
https://doi.org/10.1111/ajt.14951
https://doi.org/10.1016/j.kint.2019.10.028
https://doi.org/10.1111/ajt.15177
https://doi.org/10.1111/ajt.15486
https://doi.org/10.1097/01.TP.0000438639.36838.ac
https://doi.org/10.1016/j.ekir.2021.03.877
https://doi.org/10.1016/j.humimm.2021.11.007
https://doi.org/10.1016/j.humimm.2021.11.007
https://doi.org/10.1111/ajt.16563
https://doi.org/10.1007/s00251-019-01140-x
https://doi.org/10.3389/fimmu.2018.00321
https://doi.org/10.1111/ajt.14393
https://doi.org/10.3389/fimmu.2021.797360
https://doi.org/10.3389/fimmu.2021.797360
https://doi.org/10.1093/nar/gkz1029
https://doi.org/10.1111/tan.13307
https://doi.org/10.1016/j.humimm.2021.11.008 
https://doi.org/10.1002/lt.26431
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x 
https://doi.org/10.18637/jss.v033.i01
https://doi.org/10.18637/jss.v039.i05
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.18637/jss.v046.i11
https://CRAN.R-project.org/package=survival
https://CRAN.R-project.org/package=selectiveInference
https://doi.org/10.1186/s12859-015-0767-x
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.3389/fimmu.2021.800968
https://doi.org/10.3389/fimmu.2021.800968
https://doi.org/10.5500/wjt.v10.i9.230
https://doi.org/10.3389/fimmu.2021.784040
https://doi.org/10.1016/j.kint.2021.01.029
https://doi.org/10.1111/iji.12525
https://doi.org/10.1111/ajt.15489
https://doi.org/10.1016/j.healun.2022.03.015
https://doi.org/10.3389/fimmu.2020.02000
https://doi.org/10.3389/fimmu.2022.1067075
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Dissecting the impact of molecular T-cell HLA mismatches in kidney transplant failure: A retrospective cohort study
	Introduction
	Methods
	Data source
	Study design
	HLA typing and PIRCHE-II assignment
	Outcome and covariates
	Statistical analyses

	Results
	DCGF risk associated with single TcEMM
	Frequencies of TcEMM in the cohort
	Dissecting TcEMM most predictive of DCGF risk
	Profiles of TcEMMs
	Sensitivity analyses

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


