[BMPORTO

[PORTO

DOUTORAMENTO EM CIENCIAS BIOMEDICAS

In

t

HLA epitope matching for

ion improvemen
kidney transplantation
Sandra Ciristina Tafulo

2020

allocat

Sandra Tafulo. HLA epitope matching for allocation
improvement in kidney transplantation

HLA epitope matching for allocation
improvement in kidney transplantation
Sandra Cristina Tafulo

INSTITUTO DE CIENCIAS BIOMEDICAS ABEL SALAZAR

D.ICBAS 2020



SANDRA CRISTINA RIBEIRO TAFULO

HLA EPITOPE MATCHING FOR ALLOCATION IMPROVEMENT
IN KIDNEY TRANSPLANTATION

Tese de Candidatura ao Grau de Doutor em
Ciéncias Biomédicas, submetida ao

Instituto de Ciéncias Biomédicas Abel Salazar
Universidade do Porto

Orientadora

Doutora Luisa Maria Correia Lopes Lobato
Professora Catedratica Convidada

Instituto de Ciéncias Biomédicas Abel Salazar
Universidade do Porto

Coorientador

Dr. Leonidio José da Silva Coelho Dias
Servi¢o de Nefrologia, Hospital Santo Anténio
Centro Hospitalar Universitario do Porto

Coorientador

Dr. Antonio José Martinho Gomes Teixeira

Centro de Sangue e Transplantacao de Coimbra
Instituto  Portugués do Sangue e da
Transplantacdo



DECLARACAO DE HONRA

Declaro que a presente tese é de minha autoria e nao foi utilizada previamente noutro
curso ou unidade curricular, desta ou de outra instituicdo. As referéncias a outros
autores (afirmacoes, ideias, pensamentos) respeitam escrupulosamente as regras da
atribuicdo, e encontram-se devidamente indicadas no texto e nas referéncias
bibliogréaficas, de acordo com as normas de referenciagdo. Tenho consciéncia de que
a pratica de plagio e auto-plagio constitui um ilicito académico.

Loncibo (QJ.’J&'OO‘QI ba.c&Df‘ZP.n)_n



The greatest enemy of knowledge
is not ignorance; it is the illusion of
knowledge.

Stephen Hawking






PREFACE

The idea for replacing ill organs has been a dream for centuries, since Cosmos and
Damien envisioned the transplantation of an entire leg. The major drawback in order to
accomplish this goal successfully has been organ rejection.

As such, | started this journey five years ago with the primary objective of improving
knowledge in order to provide a better HLA matching and more fairness in health
service to all patients waiting for a compatible organ, many of them for a long time.
Although my PhD process represented a long process of never-ending days, and
despite thinking of giving up several times with this last year being particularly
challenging with the unexpected Covid-19 pandemic, | never lost focus and | can say
that the time invested was deeply worth it.

This thesis resumes this five-years of work conducted in the HLA allosensitization
laboratory within Centro de Sangue e da Transplantagdo do Porto, Instituto Portugués
de Sangue e da Transplantacao, in close collaboration with the nephrology department
of Hospital Santo Anténio at Centro Hospitalar Universitario do Porto.

| hope you will enjoy reading it.

Sandra Tafulo
December 2020



vi



ACKNOWLEDGEMENTS

This long road toward the PhD would not be possible without the support and
encouragement of the Centro Hospitalar Universitario do Porto team but also of my

family and friends.

None of this would be possible without the support of Doutora Luisa Lobato, Dr.
Leonidio Dias e Dr. Anténio Martinho, that supervised this project. | am truly grateful to
work with excellent professionals from both clinical and laboratory perspectives. Thank

you for believing in me.

This thesis was a sweet journey of scientific knowledge but also of personal maturing
and growth and this wouldn’t be possible without the support and confidence of all the
nephrology service team of Centro Hospitalar Universitario do Porto. A special thank
you to Doutora Luisa Lobato, my supervisor and always present tutor and advisor, and
to Dr. Anténio Castro-Henriques and Dr. Leonidio Dias, not just great nephrologists but
very special human beings. Thank you for your unconditional support that made me a
better professional but also a better person.

Also from nephrology department of Centro Hospitalar Universitario do Porto, Prof.
Jorge Malheiro, an outstanding professional, was more than a supervisor, a mentor, an

advisor and a true friend. | owe this thesis to Jorge and | am forever truly thankful.

To IPST that allowed me to accomplish this task, with a special gratitude to Dr. Antdnio
Martinho, technical-scientific responsible of the Histocompatibility Laboratory in Centro
de Sangue e da Transplantagdo de Coimbra, that has been my counselor, friend and

sometimes my guardian angel for the last 20 years of my journey in the HLA world.

| thank deeply my family that has always inspired me to chase my dreams and for

being always present, even when my mind and attention was only focused in work.

Finally, | thank all the patients that participated in this work, truly hoping that this work

will improve the life of the transplanted patients and their overall quality of life.

Vii



viii



Abstract

ABSTRACT

Introduction

Since the first successful kidney transplant between monozygotic twins that HLA
mismatches have been correlated with alloimmune risk and immunosuppression
recognized as inevitable to avoid allograft rejection.

Advances in histocompatibility laboratory assays for HLA genotyping and HLA
antibodies assessment, unveiled the vast extent of HLA polymorphism and allowed a
deep insight of HLA antibodies specificities analysis. Despite the enormous evolution
from serology to molecular methods, HLA mismatch analysis in kidney transplantation
is still determined by HLA antigen.

With the understanding that each HLA molecule mismatch can represent a wide range
of polymorphic amino acid mismatches, the improvement opportunity from molecular

analysis refinement became clear and imperative.

Aims

For the development of this thesis, we defined 4 aims: 1) determine the degree of
allosensitization in candidates waitlisted for KT and evaluate its impact on access to
KT; 2) determine virtual PRA, classical and eplet-based, in candidates waitlisted for KT
and investigate its impact on transplantability; 3) assess the impact of including
compatible pairs in kidney exchange program (KEP) on transplantation rate and HLA
eplet mismatch load; 4) evaluate HLA eplet mismatch load impact on dnDSA
development and 5) determine if HLA eplet mismatch load improves prediction of
antibody-mediated rejection (ABMR) development.

Materials and Methods

This thesis comprise 5 research studies, conducted in order to address specific aims
under the hypotheses defined: 1) HLA Allosensitization has a major impact in
transplantability and the Portuguese allocation system lacks efficiency to transplant
highly sensitized patients in a timely manner; 2) HLA eplet analysis would improve
greatly solid-phase immunoassays analysis and increase transplantability among hyper
sensitized patients in waiting list for KT; 3) The inclusion of compatible pairs in KEP
enables HLA epitope mismatch load minimization, increasing transplantation rate within
the program; 4) HLA eplet mismatch load is a superior biomarker, when compared to

HLA antigen mismatch analysis, for dnDSA development and 5) HLA eplet mismatch
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load is a superior biomarker, when compared to HLA antigen mismatch analysis, for KT

outcomes.

Results

Under hypothesis 1, we demonstrated that CDC-PRA profoundly underestimates
patient’s true HLA allosensitization status defined by vPRA. O blood type patients are
in disadvantaged to find a compatible donor, when compared to the remaining groups.
Furthermore, HS candidates as defined by vVPRA were hugely disadvantaged in the
access to KT, independently from ABO blood groups.

Under hypothesis 2, eplet based vPRA granted the reclassification of 124 (79%) and
80 (51%) patients to a lower VPRA group (resulting in a greater access to KT) when
considering total vVPRA (VPRAt) and current vPRA (VPRAC) to VPRAe, respectively.
Also, median percentage of change in median estimated number of match runs (eMR)
from vPRAt to VPRAe was significantly less pronounced in candidates to retransplant
with 100% of vPRA (P=0.010) and for patients with dialysis vintage 210 years (P=0.049
for all cohort, P=0.015 for vPRA=100% and P=0.005 for patients with vVPRA between
97.50% and 97.99%). This observation reinforces the strength of vPRAe measure,
which has an important decrease within first transplant candidates with lower cytotoxic
PRA, and this impact is less pronounced in patients considered to be at highly
immunological risk.

Under hypothesis 3, we observed that HLA allosensitization degree of Portuguese KEP
is very high and blood groups frequencies within the Portuguese KEP are deeply
imbalanced. The inclusion of fully mismatches compatible pairs in our national KEP
cohort increased matched rate within ICP and the compatible pairs were also benefited
by decreasing HLA eplet mismatch load, total and verified, when compared to the
direct donor.

Under hypothesis 4, we demonstrated that the number of HLA class I, total and
antibody-verified (AbVer), eplet mismatch load were greater in dnDSA group compared
to no dnDSA, which is not verified when mismatches are determined traditionally
considering the HLA class Il broad or split molecule as a whole. Antibody-mediated
rejection was significantly higher within HLA class Il dnDSA positive sub-cohort and
HLA class Il total and AbVer eplet mismatch load were independent predictors for HLA
class Il dnDSA development. On the other hand, neither HLA class | broad and split
antigen or HLA class | total or AbVer eplet mismatch load, had any predictive value for
HLA class | dnDSA, in our cohort.

Under hypothesis 5, we found a close correlation between the number of broad

antigens and the number of antibody-verified eplet mismatch load for HLA-I and HLA-II.
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HLA class Il antibody-verified eplet mismatch load was a strong predictor of ABMR,

when compared to the conventional HLA broad antigen mismatch assessment.

Conclusions

Important measures need to be undertaken in order to mitigate the disadvantage that O
blood type and, even more so, HS candidates have in accessing KT. In fact, patients
degree of allosensitization is the major barrier to transplant and, as more stringent
criteria to define unacceptable antigens is applied, more difficult it becomes to find a
compatible donor. As such, histocompatibility laboratories have the responsibility to
identify with precision HLA specificities to be considered forbidden to assure transplant
success in a timely manner. HLA eplet analysis associated with SAB assays adds
clinical relevance to the interpretation and enables a more accurate assignment of HLA
antibodies of patients in waiting list for deceased donors.

Regarding living donor kidney transplantation, we realized that most of the compatible
pairs are transplanted with high HLA antigen mismatches and, if introduced in the
national Portuguese KEP, they would benefit by decreasing HLA eplet mismatch load
when compared to the direct donor. Besides, and importantly, the matched rate within
KEP would increase.

Finally, we could appreciate that HLA class Il eplet mismatch load improved prediction
of dnDSA development and ABMR, when compared to HLA classical antigen
mismatch. To conclude, eplet-based matching may be a biomarker for personalized
assessment of alloimmune risk, allowing for the immunosuppression therapy fine-

tuning with a more balanced cost-benefit.
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Resumo

RESUMO

Introducéo

Desde a realizagdo do primeiro transplante renal (TR) com sucesso entre irmaos
monozigdticos que os mismatches HLA tém sido correlacionados com risco
alloimmune, sendo a imunossupressao inevitavel para evitar a rejeicdo do aloenxerto.
Os enormes avancos nos laboratérios de histocompatibilidade, nomeadamente
ensaios de genotipagem e identificacdo de anticorpos HLA, revelaram o extenso
polimorfismo HLA e permitiram um conhecimento aprofundado na andlise de
especificidade de anticorpos HLA. Contudo, apesar da enorme evolucao dos métodos
serolégicos para métodos moleculares, a analise de mismatches HLA em
transplantacdo renal é ainda determinada a nivel antigénico.

Com o reconhecimento que cada mismatch HLA pode representar um amplo nimero
de aminoacidos polimérficos, a oportunidade de melhoria da analise de mismatches

tornou-se claro e imperativo.

Objetivos

No desenvolvimento desta tese definimos quarto objetivos: 1) determinar o grau de
alossensibilizacdo dos candidatos em lista de espera para TR e avaliar o seu impacto
no acesso ao TR; 2) determinar o PRA virtual, calculado de forma classica e apos
andlise de epletos, aos candidatos em lista de espera para TR e investigar o seu
impacto na transplantabilidade; 3) estudar a possibilidade de aumentar a
compatibilidade HLA se a doacéo renal cruzada (DRC) for considerada para pares
compativeis propostos a transplante renal com dador vivo, e verificar se esta
estratégia aumentaria a taxa de transplantacdo no programa de DRC; 4) avaliar o
impacto da carga de mismatches de epletos no desenvolvimento de anticorpos HLA de
novo e especificos do dador; 5) determinar o impacto da carga de mismatches de

epletos HLA no prognéstico do KT.

Materiais e Métodos

Esta tese compreende 5 estudos de investigagdo implementados para responder aos
objetivos especificos sob as hip6teses definidas: a sensibilizacdo HLA tem elevado
impacto na transplantabilidade e o sistema de alocacdo renal Portugués carece de
eficiéncia para transplantar doentes com elevado grau de sensibilizagdo HLA; 2) a
analise de epletos HLA permite melhorar a analise de imunoensaios de fase sélida,
aumentando a transplantabilidade entre doentes hipersensibilizados em lista de espera

para TR; 3) a carga de mismatch de epletos HLA pode ser usada para melhorar a
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compatibilidade em transplantacdo renal com dador vivo usando o programa de
doacédo renal cruzada, aumentado a taxa de transplantabilidade do programa; 4) a
carga de mismatch de epletos HLA é um biomarcador superior, quando comparado
com a andlise de mismatches HLA, para o desenvolvimento de dnDSA; e 5) a carga
de mismatch de epletos HLA é um biomarcador superior, quando comparado com a
analise de mismatches HLA, para o progndstico do TR.

Resultados

Na hipétese 1, demonstramos que o PRA determinado por ensaios de citotoxicidade
subestima profundamente o verdadeiro grau de sensibilizagdo HLA definido pelo
VPRA. Os doentes com grupo sanguineo O estdo em desvantagem para encontrar um
dador compativel, comparativamente aos restantes grupos. Para além disso, os
candidatos hipersensibilizados, definidos por vPRA, estdo em enorme desvantagem
no acesso ao TR, independente do grupo sanguineo.

Na hipétese 2, o VPRA determinado com base na andlise de epletos HLA (VPRAe),
permite a reclassificacdo de 124 (79%) e 80 (51%) doentes para um grupo menor,
considerando o VPRA total (VPRAt) e VPRA corrente (VPRAc) para VPRAe,
respetivamente. Ainda, a percentagem média da alteragdo do nimero médio estimado
de matchings, de vVPRAt para VPRAe, foi significativamente menos pronunciado em
candidatos a retransplant com 100% de vPRA (P=0.010) e para doentes com tempo
em dialise superior a 10 anos (P=0.049 para todo o cohort, P=0.015 para vVPRA=100%
e P=0.005 para doentes com VPRA entre 97.50% e 97.99%). Esta observagao reforca
o valor do vVPRAe, que tem um decréscimo importante nos candidatos a primeiro
transplante com valor baixo de PRA citotéxico, e 0 seu impacto € menos acentuado
em doentes considerados em elevado risco imunolégico.

Na hipétese 3, observamos que o grau de alossensibilizacdo HLA no programa
nacional de doacao renal cruzada (PNDRC) é muito elevado e que as frequéncias de
grupos sanguineos séo profundamente desequilibradas. Assim, a incluséo de pares
compativeis no PNDRC permite que estes beneficiem de uma diminuicdo da carga
total de epletos HLA, aumentando a taxa de possiveis transplantes compativeis no
PNDRC.

Na hipotese 4, demonstramos que a carga de mismatches de epletos HLA classe I,
totais e verificados, era superior no grupo de doentes com dnDSA, quando comparado
com o grupo de doentes sem dnDSA, o que néo foi verificado quando os mismatches
HLA classe Il foram determinados tradicionalmente considerando a molécula HLA

como um todo.
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A rejeicdo mediada por anticorpos foi significativamente superior no grupo com dnDSA
para HLA classe Il e a carga de mismatches de epletos HLA classe Il, totais e
verificados, foram preditores independentes para o desenvolvimento de dnDSA. Por
outro lado, nem os mismatches antigénicos HLA classe | ou a carga de epletos HLA
classe I, teve qualquer valor preditivo no desenvolvimento de dnDSA HLA classe I.

Na hip6tese 5, encontramos uma estreita correlacdo entre o nimero de antigénios
HLA e o numero de epletos HLA classe | e classe Il. A carga de mismatches de
epletos HLA classe Il é um forte preditor de rejeicdo mediada por anticorpos, quando

comparada com a analise de mismatches classica efetuada a nivel antigénico.

Conclusdes

As desvantagens conhecidas dos doentes em lista de espera para TR com grupo
sanguineo O e com elevada sensibilizagdo HLA requerem medidas urgentes de forma
a permitir o acesso destes doentes ao transplante. De facto, o grau de
alossensibilizacdo HLA é a maior barreira no acesso ao transplante e, quanto mais
rigorosos forem os critérios de definicdo de antigénios inaceitaveis, mais dificil se torna
encontrar um dador compativel.

Assim, os laboratérios de histocompatibilidade tém a responsabilidade de identificar
com a maior precisao possivel as especificidades HLA a considerar proibidas de forma
a assegurar o sucesso do transplante. A analise de epletos HLA associados a ensaios
de SAB permite a introducdo de relevancia clinica a interpretacdo, possibilitando a
identificacdo de anticorpos HLA de forma mais precisa dos doentes em lista de espera
para transplante com dador falecido.

Em transplantacdo com dador vivo, verificamos que maior parte dos transplantes sédo
realizados com elevado nimero de mismatches HLA antigénicos e, se incluidos no
PNDRC, beneficiariam de uma diminuicdo da carga de mismatches de epletos HLA
comparativamente ao dador original. Para além disso, verificamos um aumento
importante da taxa de solugbes compativeis no programa.

Finalmente, pudemos comprovar que a carga de mismatch de epletos HLA classe |l
melhora a predi¢cdo do desenvolvimento de anticorpos de novo e especificos do dador,
guando comparado com a avaliagdo de mismatches HLA antigénicos. Para concluir, a
determinacdo da compatibilidade HLA a nivel molecular € um potencial biomarcador
de avaliacdo de risco alloimmune, permitindo o ajuste personalizado da terapia de

imunossupresséo.
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Introduction

1. THESIS MOTIVATION

| have worked in Histocompatibility for the last twenty years and, during this time, |
witnessed a huge evolution of the laboratory techniques and the Portuguese kidney
transplantation (KT) allocation system. Initially, HLA-DRG6 patients were prioritized in
allocation, with HLA-DR6 donors, because they were considered high-responders (1).
Since then, legislation changed greatly and now allocation is based in a score system
that takes in consideration, not only HLA matching, but also time on renal replacement
therapy (RRT), closest donor-recipient age and patient degree of allosensitization.

The techniques evolution was huge, since HLA serology typing to next-generation
sequencing (NGS) and, alongside with these methodologies, the degree of HLA
polymorphisms. In allosensitization assessment, the introduction of solid-phase
immunoassays (SPI) was the major progress, allowing histocompatibility laboratories to
have a true added value in immunological risk assessment.

However, | have been noticing that most of patients relisted for retransplantation have
such high percentage of allosensitization that makes, in several cases, almost
impossible to find them a compatible donor. These patients have prolonged waiting
times and many of them die while waiting.

Although it’s not feasible to think that we could perform kidney transplants without HLA
mismatches, especially to the exponential growth of HLA alleles, | believe it’'s our duty
to find these patients the better mismatch in order to prevent insurmountable
allosensitization.

Additionally to the primary goal of preventing allosensitization, it's also our
responsibility to understand the status of each patient already highly sensitized (HS),
within the waiting list, and provide the best immunological assessment with the ultimate
goal of finding them a matched donor.

This thesis was developed, with the encouragement of my tutors and the outstanding
collaboration of the nephrology service of Centro Hospitalar Universitario do Porto

(CHUP), to address these issues.
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2. THESIS HYPOTHESIS

HLA matching fine-tuning would improve risk assessment with better kidney
transplantation outcome. The deepest knowledge HLA antibodies pattern analysis

would allow increase of transplants rate, lowering waiting times.

Hypothesis #1

HLA Allosensitization has a major impact in transplantability and Portuguese allocation

system lacks efficiency to transplant highly sensitized patients in a timely manner.

Hypothesis #2

HLA eplet analysis would improve greatly solid-phase immunoassays (SPI) analysis

and increase transplantability among hyper sensitized patients in waiting list for KT.

Hypothesis #3

The inclusion of compatible pairs in KEP enables HLA epitope mismatch load

minimization, increasing transplantation rate within the program.

Hypothesis #4

HLA eplet mismatch load is a superior biomarker, when compared to HLA antigen

mismatch analysis, for dnDSA development.

Hypothesis #5

HLA eplet mismatch load is a superior biomarker, when compared to HLA antigen

mismatch analysis, for ABMR prediction.
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3. THESIS AIMS

Our aims, regarding to each hypothesis proposed, are:

Aim #1

= Determine the degree of allosensitization in candidate’s waitlisted for KT.

= Evaluate its impact on access to KT.

Aim #2

= Determine virtual PRA, classical and eplet-based, in candidate’s waitlisted for KT.
= [nvestigate its impact on transplantability.

Aim #3

= Determine HLA eplet mismatch load within LDKT performed.
= Assess the impact of including compatible pairs in KEP on transplantation rate and
HLA eplet mismatch load.

Aim #4

= Evaluate HLA eplet mismatch load impact on dnDSA development.

Aim #5

= Determine HLA eplet mismatch load impact on ABMR prediction.
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4. THESIS OUTLINE

This thesis is divided in five chapters.

Chapter 1, Introduction

Motivation, hypotheses raised and specific aims of the research performed within this

thesis with respect to HLA molecular matching in KT.

Chapter 2, Literature review

A state of art literature review of the theme in study is performed, emphasizing HLA
matching importance in KT.

Chapter 3, Materials & Methods

Materials and methodology used within this thesis are described.

Chapter 4, Results

Description of the results obtained in the different studies carried out under the defined
thesis hypotheses. All published articles are presented in appendixes. The
reproduction of all published papers was authorized by the respective publisher.

Chapter 5, Discussion

The main findings of the performed studies articles are discussed. Also, future

perspectives are outlined.
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Transplantation as a treatment method to replace a failing organ started many
centuries ago has a dream shaped into a legend or myth (2). However, it was only in
1954 that Joseph E. Murray performed the first successfully kidney transplant between
identical twins (3). This surgical procedure in the context of allotransplantation is a
significant bigger challenge due to allograft rejection and, despite several
immunosuppressive drugs that have been developed, the fine balance between over
and under immunosuppression after kidney transplantation can be very difficult to
achieve. Moreover, alloimmune response continues to be the major cause of allograft
failure after kidney transplantation (4).

The immune process of discrimination self from nonself tissues is called allorecognition
and the major alloantigens recognized in transplantation are Human Histocompatibility
Antigens (HLA).

1. HLA COMPLEX

It all started in 1958 when Jean Dausset described antibodies in sera from
multitransfused patients that reacted with an antigen with leuco-agglutination property,
named MAC after the three volunteer donors used in the experiment (5). Jon van Rood
and Rose Payne pursued this work using sera from multiparous women (6, 7) and soon
after many independent laboratories followed this goal identifying numerous HLA
specificities with alloantibodies (8). To compare techniques, reagents and standardize
nomenclature, International Histocompatibility Workshops (IHWSs) were established
and the first was organized by Bernard Amos in 1964 at Duke University. The
designation of Human Leucocyte locus A, HL-A, resulted from the work developed in
the third IHWS, organized by Ruggero Ceppellini in 1967 at Turin University, where it
was fully established that most of the specificities were encoded by closed linked
genes at one chromosomal region. The nomenclature later changed to Human
Leucocyte antigens (HLA) and, during the last sixty-two years, 29417 HLA alleles have
been described by the HLA nomenclature and included in the IPD-IMGT/HLA Database
(https://www.ebi.ac.uk/ipd/imgt/hla/), release 3.43.0, 2021-01-18 (Figure 1).
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Figure 1 — Number of alleles named by year from 1987 to
December2020. (http://hla.alleles.org/nomenclature/index.html)

1.1. Genome location and organization

The HLA complex is the human Major Histocompatibility Complex (MHC), located on
the band 6p21.3 of the short arm of chromosome 6 (Figure 2).
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Figure 2 — Example of human karyotype emphasizing the two copies of chromosome 6 (right) and
respectively G-banding ideogram, highlighting MHC locus location in 6p21.3 (left).
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The classical MHC contains around 158 protein-coding genes and 86 pseudogenes in
approximately 3,8Mbp (9), within the extended MHC region that spans about 7.6 Mb
(Figure 3). The classical loci include three regions, HLA class [, I, and Ill, of highly
polymorphic and co-dominant genes.

HLA class | comprises the classical genes HLA-A, HLA-B and HLA-C, and HLA class Il
includes the classical HLA-DR, HLA-DQ and HLA-DP genes. HLA-A, HLA-B, HLA-C,
HLA-DR, and HLA-DQ genes, but not the HLA-DP gene, are in strong linkage
disequilibrium. As such, each HLA haplotype, a particular allele combination of a gene
locus on the same DNA strand, is inherited together more often than it would be
expected by chance. HLA haplotype frequencies vary greatly between different regions

and populations (10).

L m—
Extended Class | (~4Mb)
Class | (1.8Mb) )

:E\
B0 =T
e
EmE-T
o
aws-T

Class Il (0.8Mb) Extended Class Il (0.3Mb)
Figure 3 — Gene map of the extended Major Histocompatibility Complex (xMHC) from telomere
(left) to centromere (right) on the short arm of the chromosome 6. Adapted from (11).

1.2. HLA molecules structure

The classic HLA class | molecules consist of two chains, a and 3 chains. The a chain is
encoded by the respective HLA class | gene and the B chain, 2 microglobulin, is
encoded by the B2M gene located in chromosome 15. The a chain has three
extracellular domains encoded by exons 2, 3 and 4, a transmembrane segment

encoded by exon 5 and a C-terminal cytoplasmic end encoded by exons 6 and 7. The
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first two a domains, a1 and a2, constitute the peptide-binding groove (Figure 4a and
4d).

The HLA class Il molecules are also heterodimers of two transmembrane glycoprotein
a and B chains, both encoded by HLA genes (Figure 4e). DRAL, DQA1 and DPA1
include a1 and a2 domains that are encoded by exons 2 and 3 of a chain of HLA class
Il gene (Figure 4b) and DRB1, DQB1 and DPB1 include 31 and 32 domains encoded
by exons 2 and 3 of B chain of HLA class Il gene (Figure 4d). The a1 and 1 domains
form the peptide-binding groove of the HLA class Il molecule and are highly variable.

The single exception is the a1 domain of DR, which is not polymorphic.

a) HLA class |, alpha chain gene d) HLA class | molecule e) HLA class Il molecule

OGO CO @ aa

5

b) HLA class Il, alpha chain gene
an € (D o[

c) HLA class II, beta chain gene

2 1 (ZO @ 6 3 HLA class | molecule HLA class Il molecule

Figure 4 — Human Leukocyte Antigen (HLA) genes and domain organization: a) HLA class | alpha chain
gene; b) HLA class Il alpha chain gene; c) HLA class Il beta chain gene. Exons numbers are represented
in Arabic in a), b) and c). The colors used to represent the genes correspond to the domain in HLA
molecule. Adapted from Rich R et al. Clinical Immunology, 5th edition (doi.org/10.1016/C2015-0-00344-6).
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2. ALLORECOGNITION AND ALLOGRAFT REJECTION

The main function of HLA class | and class Il molecules in adaptive immunity is to bind
peptides, derived from self or nonself antigens, process and present them to the cell
surface for recognition by the appropriate T cells. HLA class | molecules, expressed by
all nucleated cells, present endogenous or intracellular peptides to CD8+ (cytotoxic) T
cells. On the other hand, HLA class Il molecules are expressed by antigen-presenting
cells (APCs) such as dendritic cells (DC), macrophages and B cells, and present
exogenous or extracellular peptides to CD4+ (helper) T cells.

The allograft recognition after organ transplantation is defined by the source of APCs.
Allorecognition pathway is direct when is mediated by donor APC, mainly DC within the
graft that migrate to lymph nodes, where they present alloantigens to reactive T cells.
This mechanism occurs mostly in early posttransplant acute rejection (AR) since donor
APC are cleared out after a short period of time (Figure 5a).

On the other hand, indirect allorecognition is mediated by recipients’ APC that process
and present different alloantigens to T cells, being the predominant mechanism in
chronic rejection (Figure 5b). A semi-direct presentation was also described (Figure 5¢)

and occurs when donor intact HLA molecules are fused to recipient APC (12, 13).

a) Direct presentation b) Indirect presentation

Donor cell .‘
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Recipient T cell 14

Recipient
APC 3
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Recipient
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c) Semidirect presentation

ZO.“g'\

Donor APC

N1 7 »
Recipient

APC

Figure 5 — Mechanisms of allorecognition: a) direct, b) indirect and c) semidirect. Adapted from (14).
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Although several promising non-invasive molecular markers are being studied (15, 16),
renal allograft biopsy is still the definitive method of diagnostic to assess allograft
rejection type and degree (17). In most cases reveals morphologic injuries resulting
from predominantly cellular or antibody-mediated mechanisms. Allograft rejection can
be classified according to immunological characteristics as hyperacute, acute or
chronic.

Hyperacute rejection occurs almost immediately after transplant and is due to
preformed antibodies, chiefly against ABO system or HLA. This type of rejection,
especially due to markedly evolution of laboratory assays, is now very rare. However,
preformed ABO and HLA antibodies aren’t an absolute contra-indication in kidney
transplantation. In fact, ABO-incompatible (ABOi) kidney transplantation is performed,
followed a desensitization protocol, in several transplant centers in order to increase
transplantation rates (18). Centro Hospitalar Universitario do Porto started the first
Portuguese ABOI kidney transplant program in 2015 accepting anti-A/B isoagglutinin
titer of IgG class below 256. Also, HLA incompatibility (HLAI) can be surpassed, in
same extent, using desensitization protocols (19, 20).

Acute rejection can occur within days to weeks after transplantation and chronic
rejection usually develops months or years after transplant. Late kidney allograft failure
remains the main cause of graft rejection (21) and, although the etiology is
multifactorial, immune-mediated injury and non-compliance are major players (4).
Antibody-mediated rejection (ABMR), introduced as a distinct clinicopathological entity
in 1997 International Banff classification (22), is frequently involved in early and late
kidney allograft rejection (23). In 2013 Banff conference ABMR C4d negative diagnosis
was introduced (24, 25) and the latest update in 2017 the criteria embraced the
molecular diagnosis (26).

The presence of HLA donor-specific antibodies (DSA) is the key component of
diagnosis of ABMR that can be present before transplantation or develop after
transplantation. ABMR associated with de novo DSA often co-exists with T-cell-
mediated rejection (TCMR) (27), while preformed DSA is memory-associated ABMR
with a typically pure phenotype (28, 29).

A careful laboratory immunological risk assessment, interpreted within a
multidisciplinary team of immunologists and nephrologists, are the key for preventing

allograft rejection.
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3. LABORATORY RISK ASSESSMENT

Immunological risk assessment is based on patients HLA allosensitization status and
degree of HLA matching (Figure 6), alongside with patient anamnesis.

- FCXM positive |
POSIVE 6 /6 AgMM
- CDCXM negative |
- VXM positive |
- FCXM negative | -4/6 AgMM
- CDCXM negative !

- HLA Ab detected by SAB-IgG i -2/6AgMM
- VXM negative |

- no HLA Ab detected by SAB-IgG i -0/ 6 AgMM in HLA-A, -B, -DR
- vXM negative 3

HLA allosensitization HLA mismatches

Figure 6 — Immunological risk assessment: HLA allosensitization & HLA mismatches.

3.1. HLA allosensitization

HLA allosensitization is defined as the development of HLA antibodies after exposure
to a non-self HLA peptide which is recognized by a B lymphocyte. Sensitizing to non-
self HLA can occur through pregnancy (paternal HLA), blood components transfusion
and organ transplantation (donor HLA) (30). Other events, such as vaccination (31-33),
viral/bacterial infections (34) and ventricular assist devices implementation (35), have
also been implicated.

HLA antibodies developed after a sensitizing event can be against a specific allele or
recognize an epitope that is shared among different HLA molecules resulting in several
HLA antibodies development. The level of sensitization depends of the laboratory
method used to detect HLA antibodies (36).
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3.1.1. Cellular assays

3.1.1.1. Complement-Dependent Cytotoxicity crossmatch

The detection of HLA antibodies was performed historically by complement-dependent
cytotoxicity (CDC), method described by Terasaki and McClelland in 1964 (37) and
later accepted as the National Institutes of Health (NIH) standard procedure for
histocompatibility testing. The assay consists in incubation of donor viable lymphocytes
with the patient serum. If the serum contains antibodies against donors antigens an
antibody-antigen complex will form at the cell surface. Rabbit complement is added as
a source of complement and cell lysis occurs (Figure 7). The lysis is detected by
nuclear staining dyes such as acridine orange (AO)/ethidium bromide (EB). AO is
permeable to viable cells generating green fluorescence. EB enters dead cells with
compromised membranes and stains all dead nucleated cells with red fluorescence.
The percentages of dead cells are assessed using a fluorescence inverted microscope
and the International Workshop scores from 1 to 8. The result is positive when the
score is equal or greater than 2.

Complement
activation

Pro-inflammatory
mediators
(C3a,C5a)

Complement-
dependent

Cell lysis cytotoxicity

Tumour cell

Figure 7 — Schematic illustration of complement-dependent cytotoxicity. Adapted from (38).

In 1969, Patel and Terasaki showed a strong association between a positive CDC
crossmatch (CDCXM) and hyperacute rejection in kidney transplantation (39). Since
then CDCXM has been improved with prolonged incubations times (40), the addiction
of washing steps after the first incubation to remove unbound sera (41), or amplifying

complement activation and cell lysis with addition of anti-human globulin (AHG) (42,
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43), and became mandatory before transplant to assess if donor-specific antibodies
(DSA) are present.

These assays are also associated with false positive results due to non-HLA antibodies
and IgM antibodies. The latter are frequent in patients with autoimmune disorders and
can be overcome by treating recipient’s sera with dithiothreitol (DTT), reducing IgM
disulfide bonds (44, 45). In these cases, to assist the interpretation of the allo-XM, an
auto-XM is recommended (46).

This methodology is also performed with a panel of donors allowing the panel reactive
antibodies (PRA) calculation, i.e., the percentage of donors that will yield a positive
CDCXM (47). The use of this method for antibody analysis has been demonstrated to

be inadequate for accurately identifying HLA antibodies specificities (48).

3.1.1.2. Flow cytometry crossmatch

Although CDCXM still remains the golden standard method in many histocompatibility
laboratories (49), the assay lacks specificity and sensitivity. As such, in 1983 Garovoy
et al developed a flow cytometry crossmatch (FCXM) assay in order to increase
sensitivity (50). This complement activation independent assay was developed as a
dual-color method in 1989 (51) and upgraded in 1996 to a three-color method in order
to detect T and B cells simultaneously (52). Lobo et al showed that cell treatment with
pronase increased sensitivity and specificity (53). This treatment has also the benefit of
eliminating rituximab interference (54) used for desensitization in many transplant
centers. More recently Liwski et al. optimized FCXM protocol and developed the
Halifax and Halifaster protocols (55), augmenting the signal to noise ratio and
interlaboratory concordance of the results.

This assay consists in an indirect immunostaining where antibody-antigen interactions
are identified using fluorescein isothiocyanate (FITC) conjugated F(ab’)2 fragment goat
anti-human immunoglobulin (IgG) as a secondary antibody. T and B cells are identified
using anti-CD3 and anti-CD19, respectively. Positive FCXM cutoffs are determined by
median channel shift (MCS).

Several groups have showed that FCXM positivity is associated with increased risk of
graft failure, even when CDCXM is negative (56-58).

Our laboratory performs FCXM to improve immunologic risk assessment in all living

kidney donors and for deceased donors (DD), when preformed DSA are identified.
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3.1.2. Solid-phase immunoassays

3.1.2.1. Immunoglobulin G (IgG) HLA antibodies

Solid-phase immunoassays (SPI) revolutionized histocompatibility laboratories, first
with Enzyme-Linked Immunosorbent Assay (ELISA) (59) and, more recently, using
polystyrene beads using multiple analyte profiling (xMAP®) technology (60). This
methodology consists in a multiplex assay that uses a panel of fluorescently dyed
micron-sized polystyrene microspheres, produced by the internal conjugation of
variable amounts of two or three dyes, enabling the identification of 100 or 500 different
beads, respectively (Figure 8a). HLA antigens are bound to these coded-color beads
and, after incubation with patient’'s sera, any HLA alloantibodies present bind to the
antigens on the beads. This reaction is detected, after a second incubation with R-
Phycoerythrin (PE)-conjugated goat anti-human IgG, with a Luminex® flow analyzer
that simultaneously detects the fluorescent emission of PE and the dye signature from
each bead. The light signal produced by each bead reflects the relative fluorescence,
expressed as the mean fluorescence intensity (MFI), and shouldn’t be interpreted as a
measure for quantity or concentration.

Three types of SPI kits using xMAP® technology have been developed: i) pooled
antigen beads that carries a mixture of purified HLA class | and class || molecules from
three or more donors; ii) phenotypic beads consisting of 30 or more beads where each
bead carries an HLA class | or class Il phenotype purified from a single donor (61); and
iii) single antigen beads (SAB) where each bead carries a single recombinant HLA
class | or class Il allele (62) (Figure 8b).

The presence of preformed DSA identified by SAB assays are associated with
increased risk of ABMR and graft failure (63-65). As such, this assay became the
method of choice for HLA unacceptable antigens (UA) assignment for patients’
waitlisted for deceased donor kidney transplantation (DDKT). However, this
methodology revealed several technical limitations and interpretative challenges (66).
Besides cut-off variability between laboratories, lot-to-lot variability and different
amount of target HLA in the beads, false reactivities can also result from exposure of
cryptic epitopes on denatured molecules. Several studies described the detection of
these exposed cryptic epitopes in non-transfused males (67, 68) and it was
demonstrated that they have no clinical impact in kidney transplantation (69, 70).
Additionally, unspecific binding (71) and HLA antibodies present in medical products
(72) can cause false positive results. On the other hand, false negative results have

also been described due to shared epitopes between beads (73-75).
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Figure 8 — Solid-phase immunoassays (SPI): a) scheme of the immunoassay
reaction; b) types of polystyrene beads used in SPI.

3.1.2.2. Complement-fixing HLA antibodies

The classical pan-lgG SAB assay was madified in order to detect complement fixing
HLA antibodies such as C1q (76) and C3d (77) assays.

In C1g-SAB assay, heat-inactivated sera are incubated with recombinant C1g and
single-antigen beads. The addition of PE-labeled anti-C1q antibody enables binding
detection of both antibody and C1q (Figure 9a). On the other hand, the C3d-SAB assay
first incubation does not include a recombinant product and, after the incubation
between beads and the sera, a standardized human serum is added as source of
complement, followed by addition of a labeled anti-human C3d antibody (Figure 9b).
Soon after the implementation of this novel assays, multiple studies showed that
complement-fixing SAB results could be predicted by the MFI value of the classical
IgG-SAB assay (78, 79). Our study showed that preformed Clg-binding DSA in
comparison with DSA strength were a better predictor of ABMR and more strongly
associated with allograft failure (80). Tambur et al showed that titration studies are the

only method capable of providing the true value of antibody strength (81).
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Figure 9 — Schematic principles of C1q assay (a) and C3d assay (b). Adapted from (82).

3.1.2.3. Immunoglobulin G (IgG) subclasses analysis

The four subclasses of IgG in humans are IgG1, 1gG2, 1gG3, and IgG4 that differ in
quantity, structure and function. 1IgG1 and IgG3 are known to strongly activate
complement, IgG2 are effective mainly at high epitope density and IgG4 are ineffective
complement activators. While IgG1 is the most abundant subclass in serum and the
more efficient in complement-mediated lysis, IgG3 has the highest affinity due to its
long hinge region.

As such, several research groups have modified SAB assays in order to be able to
analyze the IgG subclass distribution of HLA antibodies (83, 84). This modified assay
revealed decreased sensitivity, when compared to classical pan-lgG method.
Lefaucheur et al showed that circulating immunodominant DSA subtypes allows the
identification of distinct patterns of antibody-mediated injury. The main finding is that
IgG3 and 1gG4 subclasses of the immunodominant DSA are associated with antibody-
mediated damage but also correlated with its phenotypes, acute and subclinical ABMR,
respectively. The presence of IgG3 DSA was associated with a greater risk of graft loss

(85).
3.1.2.3. Virtual PRA

Complement-dependent cytotoxicity (CDC)-PRA assay became a routine test to
measure waitlisted patients’ degree of allosensitization. Several transplant centers

introduced PRA value in allocation algorithms for DDKT, seeking fairness for highly
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sensitized patients. However, cytotoxicity was a low sensitivity assay and CDC-PRA is
extremely inconsistence. To overcome CDC-PRA limitations Cecka et al implemented
virtual PRA (vPRA) (86). This calculation is based on SAB assay assigned
unacceptable antigens, using a population of HLA phenotype donors.

The introduction of VPRA resulted in outstanding progress bringing more equity to
sensitized patients (87-89) and contributed to shorter periods of cold ischemia time (90,
91).

3.1.3. Data interpretation

Histocompatibility laboratories use both solid-phase and cellular assays in
immunological risk assessment. As described earlier each laboratory assay has
different targets with variable levels of sensitivity and distinct limitations and
interferences (Table 3). Therefore, to ensure the best possible evaluation and risk

stratification, they must the interpreted together alongside with patient anamnesis.

Table 1 — Interpretation of cellular vs. solid-phase immunoassays.

CDhC CDC CDCprr CDCprr FCXM  FCXM  SAB-lgG  SAB-IgG  Possible
LyT LyB LyT LyB LyT LyB HLA-I HLA-II Interpretation
- - - - - - - - no HLA
antibodies
+ + - - - - - - IgM
antibodies
+ + + + + + - - non-HLA
antibodies
- - - - - - + - false positivity in SAB assay
or
very low titer HLA-I, IgG Ab
- - - - - - - + false positivity in SAB assay
or
very low titer HLA-II, IgG Ab

- - - B - + - + non cytotoxic HLA-II, IgG Ab
or
low titer HLA-II, 1I9G Ab
- + - + - + - + cytotoxic
HLA-II, 1gG Ab
B - - B - + + - non cytotoxic HLA-1, 1I9G Ab
or
very low titer HLA-I, IgG Ab
B - - - + + + - non cytotoxic HLA-1, 1IgG Ab
or
low titer HLA-I, 1I9G Ab
B - - - + - + - low expression
HLA-I, IgG Ab
+ + + + + + + - cytotoxic
HLA-I, IgG Ab
N + R + + + + + low titer HLA-I, IgG Ab and
cytotoxic HLA-II, 1IgG Ab
+ + + + + + + + cytotoxic HLA-I, 1IgG Ab and

cytotoxic HLA-II, IgG Ab

CDC, Complement_dependent_cytotoxicity; FCXM, Flow cytometry crossmatch; SAB, Single_antigen_bead; Ly, Lymphocyte; Ab, antibody; HLA-I, HLA class I; HLA-II, HLA class II

SPI enable the introduction of virtual crossmatch (vXM), that is, the identification of
DSAs by SAB and allowed the assignment of UA HLA antigens. This assessment
depends on several variables, including the cut-off used to determine positivity, and a

positive vXM should be interpreted alongside with cellular assays.
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3.2. HLA Matching

The knowledge of HLA matching importance in kidney transplantation is almost 60
years old (92). However, due to advances in immunosuppression agents, alongside
with concerns about disadvantages that HLA minorities were facing, the time on RRT
became the main scoring factor in many programs. However, despite the overwhelming
improvement in graft survival rates over the past thirty years (21), ABMR remains the
major cause of late kidney allograft loss (23, 93) and HLA matching in kidney
transplantation significance is now unquestionable (94-96).

3.2.1. Classical antigen matching

HLA mismatching was classically determined by counting HLA class | and class I
antigen mismatches in host-versus-graft (HvG) direction and the number of
mismatches, usually in HLA-A, -B, -DR loci, are used in allocation programs worldwide.
Since this number is calculated using low-resolution typing, the real number of HLA
mismatches may even be higher and HLA allelic difference may contribute to clinically
relevant immune responses (97, 98).

HLA antigens mismatches can be assessed considered broad or split antigens (Table
1). Broad HLA antigens are defined by antigenic epitopes that are shared by two or
more related antigens. Split antigens are distinguished from other antigens in the broad
group by the presence of unique or private epitopes. Deceased donor allocation
programs usually consider broad HLA antigen to assess compatibility, seeking equity to

patients with low frequency split HLA antigens (99, 100).

3.2.2. Cross-reactive groups

Cross-reactive epitope groups (CREGs) are groups of similar HLA molecules that
share public epitopes (Table 2). Several studies identified sera that exhibit cross-
reactivity patterns with CREG of HLA antigens (101).

Allocation using CREGs was proposed due to extensive HLA polymorphism and, as
described, to overcome inequality within racial minorities (102). This strategy has the
advantage of equalizing the HLA effect, as rare HLA antigens are grouped with
common HLA antigens sharing the same public epitopes and protection from
sensitization to HLA (103). However, Laux et al showed that the outcome of this

transplants are guided by the number of HLA antigen mismatches rather than CREG
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mismatches (104). Also, Stobbe et al showed that CREG matching does not lead to

better allocation and allograft survival (105). More recently, Nainani et al demonstrated

that CREG antibodies were associated with acute ABMR in sensitized patients (106).

Table 2 — Original broad, splits and associated (italic) HLA antigens.

Original Broad Specificities Splits and Associated HLA Antigens
A2 A203, A210
A9 A23, A24, A2403

Al10 A25, A26, A34, A66

A19 A29, A30, A31, A32, A33, A74
A24 A2403

A28 A68, A69

B5 B51, B52, B5102, B5103
B7 B703

B12 B44, B45

B14 B64, B65

B15 B62, B63, B75, B76, B77
B16 B38, B39,B3901,B3902
B17 B57, B58

B21 B49, B50, B4005

B22 B54, B55, B56

B27 B2708

B39 B3901, B3902

B40 B60, B61

B51 B5102, B5103

B70 B71, B72

Cw3 Cw9, Cwl10

DR1 DR103

DR2 DR15, DR16

DR3 DR17, DR18

DR5 DR11, DR12

DR6 DR13, DR14, DR1403, DR1404
DR14 DR1403, DR1404

DQ1 DQ5, DQ6

DQ3 DQ7, DQ8, DQ9

Table 3 — Definition of cross-reactive groups (CREGS), according to
United Network for Organ Sharing, 1998.

CREG Splits and Associated Antigens

AlC Al, 36, A3, Al1, A29, A30, A31, A80

A2C A2, B57, B58

A9C A2, A68, A69, A23, A24

Al0C A25, A26, A34, A66, A32, A33, Ad3, A74

A28C A2, AB8, A69

B5C B51, B52, B35, B53, B18

B7C B7, B8, B41, B42, B48, B60, B61

B8C B8, B64, B65, B38, B39

B12C B44, B45, B49, B50, B13, B60, B61, B37, B41, B47

B21C B51, B52, B49, B50, B35, B53, B62, B63, B71, B72,
B73

B22C B7, B42, B54, B55, B56, B27, B46

B27C B7, B27, B13, B60, B61, B47

Bw4C B5, B13, B17, B27, B37, B38, B44, B47, B49, B51,
B52, B53, B57, B58, B63, B77

Bw6C B7, B8, B14, B18, B22, B35, B39, B40, B41, BB42,

B45, B46, B48, B50, B54, B55, B56, B60, B61, B62,
B64, B65, B67, B70, B71, B72, B73, B75, B76, B78

5EEE, ETOSS Eeacllve Epltope GI'OUP.
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3.3.3. HLA molecular matching

Although better HLA antigen matching is recognized as beneficial in kidney
transplantation, it was soon realized that not every HLA mismatches are equally
immunogenic or leads to DSA development (107). Therefore, the ability to predict if a
HLA mismatch will elicit B-cell and T-cell mediated alloreactive responses has become
of enormous importance.

HLA antigens are composed by a unique combination of epitopes and each individual
epitope can shared between different HLA antigens (Figure 10). As such, an individual
HLA mismatch can result in none, only a few or many foreign epitope mismatches,

when compared to the epitopes present on the patient’s own HLA alleles.

Patient Donor 1 Donor 2 Donor 3

Figure 10 — Schematic HLA antigens that express a unique set of epitopes that
are often shared among other HLA antigens. Adapted from (108).

HLAMatchmaker has been the in silico theoretical algorithm most widely used. It was
developed by Rene Duquesnoy to determine the differences in B-cell epitopes between
donor and recipient by intralocus and interlocus comparisons of polymorphic triplets in
sequence linear positions (109). In 2006 the program was updated to include
structurally defined HLA epitope repertoire based on stereochemical modeling of
crystallized HLA antigens, the eplet version (110). Each structural epitope has a
functional epitope or eplet of 2-5 residues within 3.0-3.5 A of a given sequence position
on the molecular surface. While the structural epitope with 15-22 residues increases
the stability of the antigen-antibody complex, the eplet defines strength and specificity

of the antibody reactivity.
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At the same time, El-Awar et al identified HLA epitopes by allosera adsorption with
recombinant cells expressing a single HLA antigen, and testing the eluted antibody with
single antigen coated beads (111). These epitopes were named Terasaki epitopes
(TerEps). Duquesnoy and Marrari performed a comparative analysis between eplets
and TerEps and showed correlation between 81 of 103 Terasaki's HLA class | epitopes
are equivalent to individual eplets (n = 50) or pairs of eplets (n = 31), strengthening the
concept that eplets are essential basic units of HLA epitopes (112).

HLA epitope registry (http://www.epregistry.com.br) lists all theoretical and known
eplets within six databases: ABC, DRB, DQB+DQA, DPB+DPA, interlocus HLA class Il
and MICA. The registry provides information of antibody reactivity (antibody-verified
eplets), structural epitope, associated luminex and all alleles and, more recently, the
ElliPro score (113). The ElliPro is a web-tool available at http://tools.iedb.org/ellipro/
that predicts linear and discontinuous antibody epitopes based on a protein antigen's
3D structure. Duquesnoy et Marrari showed that ElliPro prediction score reflect eplets

ability to induce specific antibody responses in HLA-ABC immunogenic eplets (114).
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2. SUBJECTS

KT candidates and recipients from Nephrology & Kidney Transplantation Unit from the
CHUP were enrolled in the studies undertaken. Kidney allografts from deceased
donors were selected nationally according to Portuguese allocation system and living
donors were studied and the allografts procured in CHUP.

In one single study, kidney transplanted pairs registered in the national paired kidney
exchange program were considered (115).

The specific cohort for each study was defined accordingly and is described in detailed

in the Results chapter.

3. CLINICAL DATA

Patients and donors demographic and clinical data were collected retrospectively from
the clinical database of Nephrology & Kidney Transplantation Unit of CHUP. At
transplant the variables usually considered were recipient age and gender, race,
recipient height (cm) and weight (kg), chronic kidney disease etiology, diabetes and
Hepatitis C history, induction immunosuppression, donor type, donor age and gender,
donor height (cm) and weight (kg) and donor smoking history. After transplant, allograft
and patient outcome data were collected such as, delayed allograft function, acute
(cellular or antibody-mediated) rejection, renal allograft function, proteinuria, and
allograft and patient survival.

Immunological data from patients and donors were collected from LusoTransplant
database of CSTP, IPST and included HLA typing and number of HLA mismatches,
ABO phenotyping, previous allosensitizing events, PRA percentages, DSA presence
and MFI values, time on the waiting-list, dialysis vintage time, number of deceased

donor organ offers and transplantation date.
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4. LABORATORY ASSAYS

4.1. HLA genotyping

HLA low and intermediate resolution genotyping was performed for all patients listed
for KT and for all living and deceased potential donors. Routinely HLA genotyping was
performed by reverse sequence-specific oligonucleotide (rSSO) and in emergency
cases, such as deceased donors, HLA genotyping was performed by sequence-
specific primer (SSP). Both methodologies are deoxyribonucleic acid (DNA) based
requiring genomic DNA isolation from peripheral blood collected in Acid-Citrate-
Dextrose (ACD, yellow top) or ethylenediaminetetraacetic acid (EDTA, lavender top).

4.1.1. Sequence-specific primer

HLA genotyping by PCR-SSP was originally described by Olle Olerup (116, 117). This
methodology allows the discrimination between the different alleles during the PCR
process. Genomic DNAs were isolated and purified using QIAamp blood kit (Qiagen
Inc., Chatsworth, CA, USA), and the concentration was adjusted to 30 ng/uL. The
purity for each sample was determined by 260:280 and 260:230 absorbance ratios
using Nanodrop® ND-1000 spectrophotometer, with the accepted values being in the
range of 1.5-1.9.

HLA-A, -B, -C, and —DRB1 genotyping was performed for all deceased donors using
Olerup-SSP® HLA-ABC and HLA-DRDQ combi trays (Olerup SSP
AB, Stockholm, Sweden), accordingly to the protocol and recommendations of the
manufacturer using the GeneAmp® PCR System 9700 thermal cycler (Perkin-Elmer).
The amplified DNA fragments were sized separated by agarose 2% (w/v) gel
electrophoresis in 0.5X Tris/borate/EDTA (TBE) buffer for 15-20 minutes (min.) at 8-
10V/cm. The use of a dye electrophoresis marker of specific molecular weights (DNA
ladder) enables determination of fragments sizes and visualization was achieved using
GelRed®, a nucleic acid gel stain that allows amplicons visualization using ultraviolet
(UV) light. HLA genotyping was determined using HELMBERG-SCORE™ software,
updated with the latest version of IMGT/HLA database.

4.1.2. Sequence specific oligonucleotide

HLA-A, -B, -C, and —DRBL1 intermediate resolution genotyping by rSSO was performed
using LabType™ SSO typing kits (One Lambda, Canoga Park, CA) for all KT

candidates and donors.
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Target DNA is polymerase chain reaction (PCR) amplified using group-specific primers
and then biotinylated, which allows the detection using R-PE conjugated streptavidin
(SAPE). The PCR product is then denatured and allowed to hybridize to
complementary DNA probes conjugated to coded-color microspheres. Fluorescent
intensity of PE on each microsphere was determined using a LABScan™100 flow
analyzer (Luminex®, Austin, TX, USA). The assignment of the HLA class | and class Il
typing is based on the reaction pattern, using HLA fusion™ software updated with the
latest version of IMGT/HLA database.

4.1.3. HLA mismatches assessment
4.1.3.1. HLA antigen mismatches

HLA antigen mismatches (AgMM) were assessed by counting HLA class | (HLA-I) and
HLA class Il (HLA-II) broad and split HLA antigens, in host-versus-graft (HvG) direction.

4.1.3.2. HLA eplet mismatches

HLA eplet mismatches were defined using HLA-A, -B, -C, -DRBys45 and -DQay/B;
allelic typing assigned based on the intermediate typing obtained by rSSO, linkage
disequilibrium analysis and Caucasian population frequencies using HaploStats
(available via http://www.haplostats.org/), a web-based application provided by the
NMDP Bioinformatics Group for imputation of high resolution HLA genotypes (118,
119).

HLA eplet mismatch load, total (EptMM) and antibody-verified (EpvMM), were
assessed using HLAMatchmaker HLA-ABC and HLA-DRDQDP software, available at
http://www.epitopes.net/downloads.html.
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4.2. HLA antibodies assays

Patients in active waiting list are studied periodically to assess their HLA
alloimmunization status with cellular and solid-phase immunoassays (SPA).

4.2.1. Cellular assays
4.2.1.1. Cytotoxic Panel Reactive Antibodies (PRA)

The CDC-PRA assay consists in standard CDCXM using a home-made cell panel
composed by 45-50 donors, with known HLA typing, to test patient’s sera. This assay
allows the determination of CDC-PRA, considered positive if higher than 5%, and
identification of complement-fixing HLA antibodies.

Donor’'s mononuclear cells were isolated using ficoll-paque gradient separation method
that allows, after 35 min centrifugation, the differential migration of cells resulting in
layers containing different cell types.

In a Terasaki plate, 1 uL of isolated cells incubated with 1 uL of patients sera at room
temperature (RT) for 35 min. After incubation, 5 pL of rabbit complement (One
Lambda, Canoga Park, CA) were added followed by 75min incubation at RT. Finally, a
dye mixture of AO/EB (Fluoroquench™, One Lambda, Canoga Park, CA) was added
and the reaction was scored accordingly with the International Workshop (0,1,2,4,6,8),
using an inverted fluorescence microscope.

PRA percentage calculations were performed using Lambda Scan® Plus Il Analysis

software, version 5.9.

4.2.1.2. Complement-dependent cytotoxic crossmatch

All allograft recipients included in the different studies were transplanted with a
negative T- and B-lymphocyte standard CDCXM, not enhanced with anti-human
globulin, in current sera. The recipient sera were considered current when collected
within the last three months. If a sensitizing event was reported during this period,
CDCXM included a sample collected in the last 48 hours.

Patient’s sera with known IgM antibodies, due to autoimmunity diseases, were tested
after DTT treatment to prevent false positive results.

T and B cells were isolated using positive selection, from donor’s whole peripheral
blood collected in ACD, using Dynabeads™ CD8 (#11333D) and CD19 Pan B
(#11143D) conjugated magnetic beads (Life Technologies Corporation, Carlsbad, CA).

T and B cell suspensions were tested as described in section 4.2.1.1.
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4.2.1.3. Flow cytometry crossmatch

All recipients with preformed DSAs included in the different studies were tested with
FCXM. Donor mononuclear cells were separated as described in 4.2.1.1. After
adjusting cell suspension concentration to 2x10° cells /mL, using a hematology
analyzer Sysmex XE-2100 (Sysmex Corporation, Kobe, Japan), 100 uL were added to
a 96-well plate. After cell centrifugation and flicking, 20 uL of patient neat sera were
added to each well in duplicate, as well as negative and positive controls.

The cell/serum mixture was incubated for 30 min at RT, followed by three washes with
150 mL of wash buffer and 5 min centrifugation at 250 rpm. Thereafter, the monoclonal
mixture of anti-CD3 conjugated with PE (BD Bioscience, clone SK7, #347347), anti-
CD19 conjugated with the tandem fluorochrome PerCP-Cyanine5.5 (BD Bioscience,
clone SJ25C1, #340951) and a 1:100 fold diluted FITC-conjugated F(ab’)2 goat anti-
human IgG (Dako, #F0315) were added and incubated for 20 min at 4°C. After two
washes cells were transferred to the flow cytometry tubes and samples were acquired
on a BD FACSCalibur™ flow cytometer. BD CellQuest™ Pro software was used to

acquire and analyze data.

4.2.2. Solid-phase immunoassays

SPA were carried out using coded-colour microbeads coated with purified HLA class |
or class Il antigens based on Luminex Xmap® Technology (LABScreen® Mixed Kit,
OneLambda, Canoga Park, CA, USA). Briefly, 5 yL on the beads incubated in a round-
well plate with 20 pL of patient’s sera for 30 min incubation at room temperature (RT).
After three washes antibody-antigen complexes are labeled with 100 uL of 1:100 R-
Phycoerythrin-conjugated goat anti-human IgG (One Lambda, Canoga Park, CA)
during a second 30 min at RT incubation. After two final washes, mean fluorescence
intensity of each bead was measured using a LABScan™ 100 flow analyzer
(Luminex®, Austin, TX, USA). Patients with a pre-transplant positive screening for HLA
antibodies were tested with SAB assays using 6% EDTA-treated sera (LabScreen
Single Antigen Beads®, OneLambda, Canoga Park, CA). The analysis was performed

using HLAfusion™ software and MFIs higher than 1000 were considered positive.
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4.2.2.1. Donor-specific antibodies assignment

Donor specific antibodies are determined by comparing the HLA antibodies determined
by SAB assay with donor HLA-A, -B, -Cw, -DRB1/3/4/5 and DQA/B antigens. When
SAB-IgG revealed allele-specific antibodies, HLA high-resolution typing of the donor
was performed to determine with more accuracy if the HLA antibodies identified were
DSA.

4.2.2.2. Virtual Panel Reactive Antibodies (PRA)

Virtual PRA was determined using the vVPRA calculator from Eurotransplant Reference
Laboratory, available at http://www.etrl.org/VPRA.aspx) and using a Portuguese
deceased donor population (VPRApt).

Eurotransplant vPRA calculator version 2.0 was based on HLA phenotype of 6870
deceased donors, within the Eurotransplant service area, between the year 2010 and
2014. The Portuguese VPRA included 1100 deceased organ donors typed for HLA-A, -
B, -C, -DRB1 and -DQB1 loci using PCR-SSP (Olerup® SSP HLA typing Kits,
Stockholm, Sweden). HLA antigen frequencies were performed on each of the five loci
and no deviation from the Hardy- Weinberg equilibrium (HWE) was observed.

The vPRA percentage will depend on the cut-off used on SAB assay. As such, we
calculated three vPRA values: a) total vPRA (VPRALt) using our routine the cut-off of
1000 MFI, considering the total sample tested; b) current vPRA (VPRAC) using the
same cut-off, but considering only the last patient’'s sample; and c) eplet vPRA (vPRAg)
that does not consider a rigid cut-off of 1000 MFI but uses HLA eplet analysis to
determine UA. As such, allelic specific specificities found in the SAB that could not be
explained with an antibody-verified eplet (AbVer), or high ElliPro score (HiElliPro), were

not considered.
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5. IMMUNOSUPRESSION

5.1. Induction protocol and maintenance immunosuppression

Induction therapy was used in a majority of patients with an anti-IL-2 receptor antibody
(Basiliximab Novartis®, 20 mg twice at day 0 and 4) or a polyclonal antithymocyte
globulin (ATG Fresenius®, 3 mg/kg for 5—7 days). ATG was primarily used in patients
with high HLA mismatch, previous transplant and/or those with high PRA value (>20%).
All patients had similar triple maintenance immunosuppression, consisting of a
calcineurin inhibitor, tacrolimus (TAC) or cyclosporine, mycophenolate mofetil (MMF) or
azathioprine, and prednisolone. No immunosuppression minimization strategy was

implemented.

5.2. Rejection diagnosis and treatment

Kidney graft rejection was defined as biopsy-proven. Graft biopsies were performed for
cause only, when in the presence of prolonged delayed graft function (DGF), a rise in
serum creatinine (sCr, mg/dL) by more than 20% compared with previous
measurements and/ or increased levels of proteinuria (g/g). Specimens were evaluated
by light microscopy and immunofluorescence staining for C4d and classified according
to Banff classification updated in 2017 (13).

Mild acute cellular mediated rejection (CMR Banff grade I) was treated with pulse
steroids (500 mg methylprednisolone for 3 days) and increased maintenance
immunosuppression. All other acute CMR were treated with ATG. Antibody-mediated
rejection was treated with plasmapheresis (at least 3-5 sessions) and intravenous
immunoglobulin (IVIg) 100 mg/kg after each session. After the last plasmapheresis
session, every patient received high-dose 1VIg (2 g/kg, maximum 140 g) divided in four
daily doses and one dose of rituximab (375 mg/m2); a similar dose of 1VIg (2 g/kg) was
repeated 1 month later.

Patients with dnDSA emergence but without signs of graft dysfunction received no
specific treatment, besides optimization of TAC (trough level 8-10 ng/ml) and MMF

dose.
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6. STATISTICAL ANALYSIS

HLA class | and class Il antigen and eplet mismatch load (EpMM) were analyzed as
continuous variables. Additionally, EpMM class | and class I, and HLA-DR and HLA-
DQ separately, were analyzed as categories defined by their terciles.

Continuous data were described using mean (standard deviation, SD) or median
(interquartile range, IQR) and categorical data were expressed as numbers
(frequencies). The distributions of continuous variables were analyzed using
Kolmogorov—Smirnov test. Categorical data including demographic, clinical and
immunological features were compared using Pearson x2 test or Fisher’s exact test, as
appropriate.

Continuous variables were compared with Student t-test or Mann-Whitney U test, as
appropriate. De novo DSA incidence and graft survival curves were visualized using
Kaplan—Meier method, with comparison between patients' groups being done by log-
rank test. In the case of death with a functioning graft, time was censored at the time of
death.

All patients were followed-up from time of transplant until death and graft failure (GF)
was defined as return to dialysis or retransplant or end of follow-up. For patients with a
functioning graft at the end of follow-up, the last value of sCr, estimated glomerular
filtration rate (eGFR, ml/min) and proteinuria were registered. eGFR was evaluated
using the 2006 Modification of Diet in Renal Disease equation (120).

Independent predictors of acute CMR, ABMR and dnDSA were explored by univariate
and multivariable Cox proportional hazards models. The model used for the
multivariable analyses included only those variables presenting a univariate P-value <
0.1.

The Wilcoxon signed rank test was used to compare paired changes between vPRA
different calculations and Spearman's rho correlation to examine the relationship
between the three VPRA percentages. The strength of association between vPRA
values was assessed by Goodman and Kruskal's Gamma rank correlation and Cohen’s
kappa for agreement.

Estimation of the number (n) of match runs needed for 95% probability of finding an
acceptable donor was calculated as previously described (121). The percentage of
change of eMR was calculated usind the formula %eMR = (eMRfinal — eMRinitial) /
eMRfinal *100.

A two-sided P-value of < 0.01 was considered as statistically significant. Statistical
calculations were performed using SPSS, version 23.0 (SPSS Inc., Chicago, IL) or
STATA/MP, version 15.1 (Stata Corp, College Station, TX).
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7. INSTITUTIONAL AND ETHICAL APPROVAL

The study was reviewed and authorized by the Departamento de Ensino, Formagéao e
Investigacdo/ Gabinete Coordenador da Investigacdo and Comiss&o de Etica of CHUP
[n® 215/231 (192-DEFI/175-CES)] and by the Conselho Directivo do IPST in 18-
November-2015. The principles of the Declaration of Helsinki and the internal rules of
the CHUP and IPST were observed. In all phases of the study the confidentiality of
data collected and the identity of the participants were guaranteed. All databases were

constructed and analyzed anonymously.
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Results

1. PRE-TRANSPLANT HLA ALLOSENSITIZATION STATUS
Waitlisted patients for kidney transplant are routinely studied to assess their
allosensitization status. Screening and identification of anti-HLA antibodies are

performed to determine unacceptable antigens and virtual PRA.

1.1. HLA allosensitization degree and transplantability

Low transplantability of O blood group and highly sensitized candidates in the
Portuguese kidney allocation algorithm: Quantifying an old problem in search of new
solutions.

Tafulo et al. HLA. 2016 Nov; 88(5):232-238. doi: 10.1111/tan.12895.
Appendix 1

We performed a retrospective study to evaluate the difference of patient’'s access to
DDKT, according to blood groups and HLA allosensitization status.

Prevalent and incident candidates to KT in Portuguese north waitlist, between January
2010 and December 2011, were included in the study (n=1020). Patient’'s sera were
screened every three months by SPI to determine the presence of HLA class | and I
antibodies and, if positive, a SAB assay was performed to identify the antibodies
detected. HLA antibodies identified for HLA-A, -B and —DRB1 loci, considering 1000
median fluorescence intensity (MFI) as cut-off, were used to calculate VPRA in
accordance to current Portuguese legislation for allocation algorithm.

Patients were followed until receiving a kidney allograft from a deceased (n=629) or a
living donor (n=48), being removed from the waiting list by medical and/or patient
choice (n=138), death (n=30), or until 31 December 2014.

Two hundred and forty (23.5%) patients were sensitized for HLA, 127 (12.5%) of them
being HS with vPRA higher than 80%. It is noteworthy that only 14.2% of these patients
(n=18) were considered HS considering CDC-PRA.

The DD organ offer rate according to blood type and vVPRA groups is displayed in Table
4, considering only candidates listed in regular priority (n=987). Overall, there were
4257 organ offers that represented 1 offer every 6.7 months per candidate. The DD
organ offer rate by blood type tended to decrease with the increase of vPRA for the
candidates of A and B blood groups. For AB blood type patients, this difference was
only seen in the extreme VPRA values perhaps due to the lower number of patients in
these groups. Curiously, for blood type O patients, no difference was found between
groups 1 and 2, emphasizing the long waiting time that even non-sensitized O blood
group patients have to face. As such, DD organ offer rate was significantly different

only in the comparisons between HS candidates and the remaining groups.
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Table 4 - Deceased organ offer rate by blood group and VPRA.

Mean months until

1 offer/candidate 95%Cl P
8:’:;;171) 6.7 6.3-7.1
Blood type A Avs.B=0.642
(n=434) Global 6.0 5.7-6.2 Avs. AB = 0.404
Avs.0<0.001
1. vPRA 0% (n=312) 4.8 4.6-5.1 1vs. 2= 0001
2.vPRA 1-79% (n=52) 5.9 5.3-6.6 1vs.3<0.001
3. vPRA280% (n=70) 15.8 13.7-18.1 2vs.3<0.001
wT oo
1. vPRA 0% (n:27) 4.0 3.5-4.7 1vs.2=0.024
2. vPRA 1-79% (n=3) 7.0 3.9-12.7 1vs.3<0.001
3.vPRA 280% (n=10) 28.7 16.3-50.5 2vs.3=0.015
Blood type AB Global 5.5 4.5-6.6 ABvs. 0<0.001
(n=20) 1. vPRA 0% (n=14) 4.2 3.3-53 1vs. 2= 0.704
2.vPRA 1-79% (n=1) 35 1.6-7.8 1vs.3<0.001
3. vPRA 280% (n=5) 9.3 6.4-13.6 2vs.3=0.133
Blood type O Global 10.6 10.1-11.1
(n=493) 1. vPRA 0% (n=398) 9.9 9.4-10.4 1 vs 220320
2. vPRA 1-79% (n=56) 10.6 9.3-12.1 1vs.3<0.001
3. vPRA280% (n=39) 29.8 20.9-38.9 2vs.3<0.001

VPRA, virtual panel reactive antibodies; Cl, confidence interval.

To determine the median waiting time for a kidney transplant from a DD by blood type
and vPRA, we excluded patients who received a kidney graft from a living donor, those
removed from the waiting list, or who died during follow-up. The remaining 776 patients
were included in the longitudinal analysis that revealed that the median waiting time for
transplant was greater for O blood type patients (65.3 months), when compared to the
remaining blood types: A (35.1 months), B (22.8 months), and AB (14.5 months) (Table
5). The waiting time for A blood type patients increased with vVPRA value (P<0.001) as
the percentage of patients transplanted over time was significantly lower. For O blood
group patients, this difference was only significant between non-sensitized patients and
the remaining groups (P<0.001). For blood type B and AB patients, the difference was
only significant between non-sensitized and HS candidates (P<0.001 and P=0.013,
respectively).

A multivariable Cox regression model showed that younger [hazard ratio (HR)=1.020,
P<0.001], vPRA=80% (versus vPRA=0%, HR=0.090, P<0.001), and vPRA=0-79%
(versus VPRA=0%, HR=0.380, P<0.001) candidates had a lower chance of been
transplanted. Additionally, when compared to A blood type candidates, blood type B
and AB patients had a higher chance of been transplanted (HR=1.574, P=0.019;
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HR=2.582, P=0.001, respectively), while the opposite occurred in O blood type ones
(HR=0.255, P<0.001).

Table 5 - Median waiting time for a kidney transplant by blood type and vPRA.

Number of transplanted

candidates (%) Median waiting time Log-rank P
Overall
(n=776) 601 (77.4%) 47.5 -
Blood type A 351 Avs.B=0.366
(n=344) Global 290 (84.3%) ' Avs. AB=0.117
Avs.0<0.001
1. vPRA 0% (n=254) 239 (94.1%) 30.7 1vs.2<0.001
2. vPRA 1-79% (n=38) 29 (76.3%) 47.4 1vs.3<0.001
3. vPRA 280% (n=52) 22 (42.3%) 129.3 2 vs.3<0.001
Blood type B o 22.8 B vs. AB=0.638
(n=35) Global 31 (88.6%) B vs. 020.001
1. vPRA 0% (n=25) 25 (100%) 16.9 1vs.2=0.215
2. vPRA 1-79% (n=3) 2 (66.7%) 27.4 1vs.3<0.001
3. vPRA 280% (n=7) 4 (57.1%) 144.0 2vs.3=0.156
Blood type AB  Gjobal 14 (82.4%) 14.5 ABvs. 0 £0.001
(n=17) 1. vPRA 0% (n=13) 12 (92.3%) 135 Tvs 2= 0867
2.vPRA 1-79% (n=1) 1(100%) 16.6 1vs.3=0.013
3. vPRA 280% (n=3) 1(33.3%) 70.5 2 vs.3=0.083
Bloodtype O (lopal 266 (70.0%) 65.3 -
(n=380)
1. vPRA 0% (n=308) 232 (75.3%) 62.0 1vs. 2 = 0.001
2.VvPRA 1-79% (n=42) 21 (50.0%) 75.1 1vs.3<0.001
3. vPRA 280% (n=30) 13 (43.3%) 91.1 2vs.3=0.176

VPRA, virtual panel reactive antibodies; ClI, confidence interval.

Our study shows that median waiting time was significantly higher in O blood type
patients, when compared to the remaining groups. However, a stronger impact on
waiting time according to vVPRA was observed, with HS patients having 368%, 632%,
486%, and 140% increases in blood groups A, B, AB, and 0, respectively, when

compared to each blood group global median waiting time.

Major Conclusions:

- CDC-PRA profoundly underestimates patient’s true HLA allosensitization status
defined by VPRA.

- O blood type patients are in disadvantaged to find a compatible donor, when
compared to the remaining groups.

- HS candidates as defined by vPRA were hugely disadvantaged in the access to
KT, independently from ABO blood groups.

- Important measures need to be undertaken in order to mitigate the
disadvantage of O blood type and, even more so, of HS candidates have in

accessing KT.
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1.2. HLA allosensitization status by eplet-based analysis
Eplet based virtual PRA increases transplant probability in highly-sensitized patients.

Tafulo et al. Transpl Immunol 2021 Jan;9:101362. doi: 10.1016/j.trim.2021.101362
Appendix 2

At 01-01-2020, 1973 patients were waitlisted for deceased donor kidney transplantation
in Portugal. The Northern region includes 606 patients (30.71%) and 157 (25.9%) of
these patients are highly-sensitized with vPRA higher than 98%, that represents 22.9%
of the overall Portuguese HS population (n=683), and were included in this study.

All patients had at least one previous sensitizing event, such as transplant (n=120,
76%), blood component transfusions (n=125, 80%), and pregnancies (n=64 of 87
female patients, 74%). As expected patients with 100% of vPRA were predominantly
candidates for retransplantation (p<0.001), had higher PRA-CDC (p<0.001), and longer
dialysis vintage waiting time (p<0.001).

It is noteworthy that only 19 (12%) patients are classified as HS by the Portuguese
legislation with PRA-CDC higher than 80%. In fact, only 47 (30%) patients had PRA-
CDC higher than 50% and would be granted extra-points in Portuguese allocation
process. It is also important to note that the median dialysis vintage time in our cohort
is 106.9 (66.9-161.8). This is significantly increased in the vPRA=100% group with a
medium dialysis vintage time of 134.9 (90.3-180.4). As expected, spearman rank-order
coefficient showed strong correlation between vVPRA calculations, VPRAt vs. VPRAC
(p=0.715, p<0.001), vPRAt vs. vPRAe (p=0.531, p<0.001) and vPRAc vs. VPRAe
(p=0.738, p<0.001).

Inter-group reclassification analysis is outlined in an overlay histogram (Figure 11).
Reclassification between vPRAt and VPRACc (Table 6) showed that 87 (55%) patients
remained in the same interval group. Reclassification from vPRALt to one-degree lower
group by VPRACc occurred in 53 (34%) patients and 17 (11%) were reclassified from
VPRAL to more than one-degree lower group by vPRAc. Also, 28 (18%) patients were
reclassified to non-HS when considering only the current sera in vVPRA calculation.
Kappa and gamma correlation values between vPRAt vs. vVPRAc were 0.383 (P<0.001)
and 0.831 (P<0.001), respectively. When comparing vVPRAt and vPRAe, as expected,
the inter-group movement is higher remaining only 33 (21%) patients in the same

interval group (Table 7).
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Table 6 - Intergroup movement between total and current virtual panel reactive antibodies calculations.

vPRAt
[99.50%-99.91%]

100%

[97.50%-99.50%]
N=34 (22%)

N=46 (29%)

N=77 (49%)

Estimated number of match
runs needed for 95%
probability of finding an
acceptable donor

[150-600]

[600-3330]

~30000

[0%-97.50%]

¥

N=28 (18%) [1-150]
[97.50%-99.50%]
N=36 (23%) [150-600]
Q
=
o [99.50%-99.91%]
N=50 (32%) [600-3330] 0 l l
100%
N=43 (27%) ~30000 0 0 i
Agreement test Kappa: 0.383 P<0.001
Gamma: 0.831 P<0.001

Rank correlation test

Reclassified as HS from vPRAt to non-HS by vPRAc (<97.50%): 28 (18%)

Italic: row (current virtual PRA, vPRACc) percentages; Underline: column (total virtual PRA, vPRALt) percentages.
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Table 7 — Intergroup movement between total and eplet virtual panel reactive antibodies calculations.

vPRAt
[97.50%-99.50%[ [99.50%-99.91%[ 100%
N=34 (22%) N=46 (29%) N=77 (49%)
Estimated number of match [150-600] [600-3330] ~30000
runs needed for 95%
probability of finding an
acceptable donor
[0%-97.50%][ [1-150] 30 16 20
N=66 (42%) 45% 24% 30%
88% 35% 26%
[97.50%-99.50%] [150-600] 4 16 19
N=39 (25%) 10% 41% 49%
© 12% 35% 25%
=
& [99.50%-99.91%][ [600-3330] 0 14 23
N=37 (24%) 38% 62%
30% 30%
100% ~30000 0 0 15
N=15 (10%) 100%
20%
Agreement test Kappa: 0.049 P=0.116
Rank correlation test Gamma: 0.637 P<0.001

Italic: row (eplet virtual PRA, vPRAe) percentages; Underline: column (total virtual PRA, vPRALt) percentages.
Same group: 33 (21%)

Reclassified from vPRALt to 1-degree lower group by vPRAe: 69 (44%)

Reclassified from vPRALt to >1-degree lower group by vVPRAe: 55 (35%)

Reclassified as HS from VPRAt to non-HS by VPRAe (<97.50%): 66 (42%)

Reclassification occurred for 124 patients, 69 (44%) from vPRAt to one-degree lower
group by vPRAe and 55 (35%) from vPRAt to more than one-degree lower group by
vPRAe. In fact, with eplet based vPRAe, 66 (42%) would be reclassified as non-HS.
Kappa and gamma correlation values between vPRAt vs. vPRAe were 0.049 (P=0.116)
and 0.637 (P<0.001), respectively.

Inter-group movement between current allosensitization calculated with vVPRAc and
VPRAe is lower with 75 (48%) patients remaining in the same interval group (Table 8).
Reclassification occurs for 56 (36%) from vPRAC to one-degree lower group by vVPRAe
and 24 (15%) from vPRAc to more than one-degree lower group by vPRAe. Only 25%
of the patients (n=39) were reclassified to non-HS. It is noteworthy that 2 (1%) patients
were reclassified from VPRAc to one degree higher by vPRAe. Kappa and gamma
correlation values between VPRAc vs. VPRAe were 0.319 (P<0.001) and 0.809
(P<0.001), respectively.

Median and median change between current and eplet vVPRA calculations, considering

VPRAL interval groups, were significantly different (P<0.001) (Table 9).
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movement between current and eplet virtual panel reactive antibodies calculations.

Rank correlation test

Gamma: 0.809 P<0.001

vPRACc
[0%-97.50%[ | [97.50%-99.50%][ | [99.50%-99.91%[ 100%
N=28 (18%) N=36 (23%) N=50 (32%) N=43 (27%)
Estimated number of match [1-150] [150-600] [600-3330] ~30000
runs needed for 95%
probability of finding an
acceptable donor
[0%-97.50%] [1-150] 27 25
N=66 (42%) 41% 38%
96% 69%
[97.50%-99.50%[ [150-600] 11 17
N=39 (25%) 28% 44%
2 31% 34%
=
& [99.50%-99.91%[ [600-3330] 0 0 23 14
N=37 (24%) 62% 38%
46% 33%
100% ~30000 0 0 14
N=15 (10%) 93%
33%
Agreement test Kappa: 0.319 P<0.001

Italic: row (current virtual PRA, vPRAC) percentages; Underline: column (total virtual PRA, vPRAL) percentages.
Same group: 75 (48%)

Reclassified from vVPRAC to 1-deiree lower iroui bi VPRAe: 56 i36%i

Reclassified as HS from vPRAC to non-HS by vPRAe (<97.50%): 39 (25%)
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Table 9 - Comparisons of VPRA calculations median and median change, estimated number and
percentage of change in estimated number of match runs needed for 95% probability of finding an

acceptable donor (eMR).

Total 1.[97.50%- 2.[99.50%- 3.100% P
N=157 99.50%[ 99.91%][ N=77 (49%)
N=34 (22%) N=46 (29%)
vPRA (%),
median (IQR)
vPRAt | 99.91 (99.64-100) 98.95 (98.36-99.18) 99.82 (99.73- 100 (100-100)
99.91)
vPRAc 99.73 (98.64-100) 97.45 (90.64-98.73) 99.64 (99.00- 100 (99.73-100) <0.001*#1
99.82)
vPRAe | 98.64 (93.27-99.73) | 90.59 (76.73-95.64) 98.73 (94.55- 99.46 (97.36- <0.001*#1
99.64) 99.91)
VvPRA change
(%)!
median (IQR)
vPRAt to vPRAc -0.09 (-0.82-0) -1.32 (-8.55-0) -0.09 (-0.82-0) 0 (-0.27-0) <0.001#1
Signed-rank
P<0.001
vPRAtto vPRAe | -1.27 [-6.36-(-0.18)] | -8.41[-22.18-(- -1.09 [-5.36-(- -0.55 [-2.64-(- <0.001"#
Signed-rank 3.00)] 0.27)] 0.09)]
P<0.001
vPRAC to vPRAe | -0.82 [-4.64-(-0.09)] -5.41[-10.73-(- -0.50 [-4.45-(- -0.46 (-1.91-0) <0.001"*
Signed-rank 1.46)] 0.09)]
P<0.001
eMR by vPRA,
median (IQR)
VvPRAt 3290 286 1645 29949
(822-29949) (182-365) (1096-3290) (29949-29949)
vPRAc 1096 118 822 29949 <0.001#1
(218-29949) (30-234) (298-1645) (1096-29949)
vPRAe 218 31 234 548 <0.001#1
(43-1096) (11-67) (53-822) (112-3290)
eMR change (%),
median (IQR)
vPRAt to vPRAc -40.1 (-91.7-0) -60.0 (-87.3-0) -50.0 (-81.9-0) 0 (-96.3-0) 0.899
Signed-rank
P<0.001
vPRAtto vPRAe | -94.5[-98.8-(-66.7)] | -89.2[-96.2-(-75.7)] -82.9 [-97.7-(- -98.2 [-99.6-(- <0.001#1
Signed-rank 50.0)] 89.0)]
P<0.001
vPRActo vPRAe | -66.8 [-92.9-(-16.2)] | -55.6 [-84.2-(-14.0)] -59.8 [-80.1-(- -79.5 (-97.8-0) 0.045
Signed-rank 21.6)]
P<0.001

*1.vs 2. P<0.01; #1. vs 3. P<0.01; 2. vs 3. P<0.01; % of change: (final-initial)/fina*100

The median estimated number of match runs (eMR) needed for 95% probability of

finding an acceptable donor by vPRAL intervals are significantly different for vPRAc and

VvPRAe (P<0.001). Furthermore, also the percentage of change in eMR by vPRAt to

VPRAe was significantly more pronounced by increasing VPRAt intervals (P<0.001).

This percentage of change of eMR was not so pronounced between VPRAc to VPRAe

(P=0.045) and was not observed for the percentage change of eMR from vPRALt to

VPRAC (P=0.899) — Figure 12.
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g P=0.858 P<0.001 P=0.045

=50
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% change in eMR
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vPRAL to vPRAC vPRAL to vPRAe vPRAC to vPRAe

vPRAt
I (57.50%-99.50%] [ [99.50%-99.99% [ 100%

Figure 12 - Comparisons of percentage of change in estimated number of match runs (eMR)
needed for 95% probability of finding an acceptable donor, from vPRAt to vVPRAc or vVPRAe and
VPRAC to VPRAe.

Total vPRAt median change to current or eplet vPRA, vVPRAc and vPRAe, according to
previous sensitizing events such as transfusions, pregnancies and transplants, vintage
dialysis and PRA-CDC is showed in Table 10. In the full cohort, median reduction from
vPRAt to vPRAe was significantly less pronounced in candidates to retransplant
(P<0.001) and those with dialysis vintage =210 years (P<0.001) or PRA-CDC 250%
(P=0.002). The same effect was observed, when considering only vPRAt=100%
patients, for retransplantation (P=0.010) and dialysis vintage =210 years (P=0.005), or,
in the remaining cohort (VPRAt [97.50%-99.99%[), for dialysis vintage =10 years
(P=0.008) and PRA-CDC 250% (P=0.019).

The comparison of percentage of change in eMR, needed for 95% probability of finding
an acceptable donor, from vPRAt to VPRAc or vPRAe is showed in Table 11.
Considering the whole cohort, the percentage of change in eMR was significantly less
pronounced in candidates with dialysis vintage 210 years (P=0.049). This was also
observed for patients with 100% of vPRA (P=0.005) and for the remaining cohort, with
VPRA between 97.50% and 97.99% (P=0.015). For patients with vPRA of 100, also the
percentage of change in eMR was less significant for patients with a previous
transplant patients (P=0.010) (Figure 13).
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Table 10 - Comparison between vPRAt change to vVPRAc and vPRAe, according to sensitizing
events and dialysis vintage over 10 years and cytotoxic PRA.

50

Full cohort (n=157)
vPRAt to vPRAc change (%), P vPRAt to vPRAe change P
median (IQR) (%), median (IQR)
Previous transfusions 0.705 0.251
No -0.09 (-1.32-0) -3.27 [-7.82-(-0.27)]
Yes -0.09 (-0.73-0) -1.09 [-6.09-(-0.18)]
Previous pregnancy 0.725 0.491
(n=87) No -0.09 (-1.64-0) -0.73 [-7.82-(-0.09)]
YVes -0.09 (-1.14-0) -1.77 [-6.36-(-0.23)]
Previous transplant 0.044 <0.001
No -0.09 (-2.55-0) -4.91 [-16.82-(-1.18)]
Yes -0.05 (-0.73-0) -0.68 [-4.64-(-0.18)]
Dialysis vintage 210 0.121 <0.001
years N -0.09 (-1.64-0) -2.95 [-9.18-(-0.45)]
Ye(s) -0.01 (-0.46-0) -0.27 [-1.55-(-0.09)]
PRA-CDC 250% 0.005 0.002
No -0.18 (-1.09-0) -2.18 [-8.73-(-0.27)]
Yes 0(-0.18-0) -0.55 [-1.36-(-0.09)]
VvPRAt [97.50%-99.99%[
vPRAt to vPRAc change (%), P vPRAt to vPRAe change P
median (IQR) (%), median (IQR)
Previous transfusions 0.634 0.186
No -0.27 [-2.55-(-0.01)] -4.91 [-11.09-(-1.82)]
Yes -0.18 (-2.91-0) -2.00 [-12.55-(-0.27)]
Previous pregnancy 0.398 0.657
(n=38) -0.82 (-9.55-0) -7.18 [-16.82-(-0.36)]
No -0.09 (-2.91-0) -2.91[-9.27-(-0.36)]
Yes
Previous transplant 0.444 0.100
No -0.27 [-4.09-(-0.01)] -5.14 [-16.82-(-1.73)]
Yes -0.23 (-1.91-0) -2.27 [-11.09-(-0.27)]
Dialysis vintage 210 0911 0.008
years -0.23 (-3.91-0) -4.86 [-14.18-(-1.14)]
No -0.27 (-1.59-0) -0.50 [-7.59-(-0.09)]
Yes
PRA-CDC 250% 0.097 0.019
No -0.27 (-4.09-0) -4.45 [-15.45-(-0.36)]
Yes -0.01 (-0.82-0) -0.64 [-1.46-(-0.18)]
VPRAt=100%
vPRAt to vPRAc change (%), P vPRAt to vPRAe change P
median (IQR) (%), median (IQR)
Previous transfusions 0.283 0.310
No 0 (-0.09-0) -0.36 (-2.91-0)
Yes 0 (-0.27-0) -0.55 [-2.64-(-0.18)]
Previous pregnancy 0.986 0.283
(n=49) 0 (-0.41-0) -0.18 [-1.68-(-0.05)]
No 0(-0.27-0) -0.64 [-3.46-(-0.09)]
Yes
Previous transplant 0.255 0.010
No -0.09 (-0.27-0) -3.46 [-24.73-(-0.36)]
Yes 0 (-0.18-0) -0.46 [-1.73-(-0.09)]
Dialysis vintage 210 0.348 0.005
years -0.05 (-0.27-0) -1.64 [-5.46-(-0.27)]
No 0 (-0.18-0) -0.27 [-0.91-(-0.09)]
Yes
PRA-CDC 250% 0.283 0.523
No 0(-0.36-0) -0.55 [-2.91-(-0.18)]
Yes 0 (-0.09-0) -0.50 [-1.36-(-0.09)]
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Table 11 - Comparison % of change in estimated number of match runs (eMR) needed for 95% probability
of finding an acceptable donor from vPRAt to vPRAc or vPRAe.

Full cohort
vPRAt to vPRAc % of change in p vPRAt to vPRAe % of change in p
eMR (%), median (IQR) eMR (%), median (IQR)
Previous transplant 0.282 0.522
No -50.2(-89.0-0) -95.0 [-98.9-(-81.7)]
Yes -10.8 (-92.1-0) -94.5 [-98.6-(-64.2)]
Dialysis vintage 210 years 0.385 0.049
No -53.9 (-92.6-0) -96.3 [-99.2-(-76.6)]
Yes -9.0 (-91.6-0) -94.5 [-98.4-(-50.0)]
PRA-CDC 250% 0.049 0.734
No -54.2(-93.8-0) -94.9 [-98.7-(-75.0)]
Yes 0 (-89.0-0) -94.5 [-98.8-(-50.0)]
VPRAt [97.50%-99.99%]
vPRAt to vPRAc % of change in p vPRAt to vPRAe % of change in p
eMR (%), median (IQR) eMR (%), median (IQR)
Previous transplant 0.950 0.597
No -50.0 [-72.0-(-0.2)] -87.5 [-96.2-(-75.2)]
Yes -54.1 (-87.4-0) -85.4 [-97.3-(-57.2)]
Dialysis vintage 210 years 0.941 0.015
No -53.9 (-86.4-0) -89.4 [-97.9-(-75.0)]
Yes -50.0 [-84.2-(-4.5)] -62.6 [-94.2-(-46.4)]
PRA-CDC 250% 0.051 0.008
No -58.1 (-90.9-0) -90.2 [-97.7-(-66.7)]
Yes -9.0 (-57.7-0) -58.4 [-85.8-(-50.0)]
VvPRAt=100%
vPRAt to vPRAc % of change in P vPRAt to vPRAe % of change in p
eMR (%), median (IQR) eMR (%), median (IQR)
Previous transplant 0.255 0.010
No -89.0 (-96.3-0) -99.7[-99.96-(-97.3)]
Yes 0 (-94.5-0) -97.8 [-99.4-(-89.0)]
Dialysis vintage 210 years 0.348 0.005
No -44.5 (-96.3-0) -99.4 [-99.8-(-96.3)]
Yes 0 (-94.5-0) -96.3 [-98.9-(-89.0)]
PRA-CDC 250% 0.283 0.523
No 0(-97.3-0) -98.2 [-99.7-(-94.5)]
Yes 0 (-89.0-0) -98.0 [-99.3-(-89.0)]
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Figure 13 - Comparison % of change in estimated number of match runs (eMR) needed for 95%
probability of finding an acceptable donor from vPRAt to VPRAc or vPRAe, considering previous
transplant, vintage dialysis over 10 years and cytotoxic PRA over 50%.

VPRA can reflect variability depending on considered loci, serum dates and/or

Almost half of the HS patients (45%, n=70) would be reclassified to a lower
VPRA interval, when considering current VPRA, decreasing the number of eMR
needed for 95% probability of finding a compatible donor, and hence increasing



Results

Eplet based vPRA granted the reclassification of 124 (79%) and 80 (51%)
patients to a lower group when considering VPRAt and VPRAc to VPRAe,
respectively. In fact, 66 (42%) and 39 (25%) patients would actually be
reclassified as non-HS patients with vPRA lower than 98%.

Our study showed also that median percentage of change in eMR from vPRAt
to vVPRAe was significantly less pronounced in candidates to retransplant with
100% of vPRA (P=0.010) and for patients with dialysis vintage =10 years
(P=0.049 for all cohort, P=0.015 for vPRA=100% and P=0.005 for patients with
VPRA between 97.50% and 97.99%). This observation reinforces the strength
of VPRAe measure, which has an important decrease within first transplant
candidates with lower cytotoxic PRA, and this impact is less pronounced in

patients considered to be at highly immunological risk.
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2. TRANSPLANT IMMUNOLOGICAL RISK ASSESSMENT

Improving HLA matching in living donor kidney transplantation using kidney paired
exchange program.

Tafulo et al. Transpl Immunol 2020; Oct;62: 101317. doi: 10.10167j.trim.2020.101317.
Appendix 3

We performed a simulation study to evaluate if the introduction of compatible pairs
(CP) in the Portuguese kidney paired exchange program (KEP) would result in a better
matched transplant for these patients and, if this strategy would increase transplant
rate within KEP.

We included 17 compatible pairs, with 6 antigen mismatches in HLA-A, -B, -DR, in
kidney paired exchange pool of 35 incompatible pairs (ICP) (Table 12). The donors
within CP group blood type was mainly O (64.7%) while recipient’s were predominant A
blood type (58.8%).

Table 12 - Characteristics of the compatible pairs included in KEP match simulation (n=17).
Pair-ID Blood Group Gender Virtual HLA class | EpMM HLA class I EpMM

D R D R vPRA AbVer Other AbVer Other
CP1 0 0 F M 0,00 17 29 23 27
CP2 0 A F M 0,00 12 24 15 3
CP3 0 0 F M 0,00 20 35 12 15
CP4 0 A F M 0,00 15 40 21 51
CP5 A A F M 0,00 16 27 10 24
CP6 0 0 F F 15,79 22 52 6 13
CP79 A 0 F M 0,00 10 31 22 32
CP8M 0 0 M F 21,12 16 41 15 26
CP9 0 A M F 0,00 13 15 11 14
CP10 0 0 M F 0,00 21 31 18 25
CP11 A A F M 0,00 17 32 15 19
CP12 A A F M 78,15 13 29 6 12
CP13 A A F M 6,870 14 22 12 20
CP14 0 A F M 0,00 14 25 11 19
CP15» A A F M 55,66 16 33 12 21
CP16 0 0 F M 0,00 10 23 11 23
CP17 0 A M F 11,63 9 17 12 20
a) ABOi; b)HLAIi; CP, compatible pair; D, donor; R, recipient; F, feminine; M, masculine; vPRA, virtual panel reactive
antibodies;

HLA, Human Leucocyte antigens; EpMM, eplet mismatches; AbVer, antibody-verified; Other, no antibody-verified eplets.

The KEP cohort included 17 ABOi, 17 HLAi and one pair with both types of
incompatibility. It is characterized by blood group unbalance with 25.7% O, 60.0% A,
8.6% B and 5.7% of AB blood type. Besides disproportion of blood group, the
extremely elevated degree of allosensitization worsens transplant probability among
this group. The median vPRA was 59.29%, with 21 (60%) patients with vPRA higher
than 50% and 16 (45.7%) with vPRA higher than 95%. Regarding gender the
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differences are smoother with 21 (58.3%) female potential donors and 17 (47.2%)

female recipients.

Table 13 - Characteristics of the incompatible pairs
included in KEP match simulation (n=35).
Pair-ID Blood Group Gender vPRA
D R D R
ICP in KEP with at least one match possibility without CP (n=9)
2-way match run

ICP 1 A 0 F M 56,16

ICP 2 0 A F F 99,26
3-way match run

ICP 3 A A M F 99,75

ICP 4 A 0 M F 99,48

ICP5 0 A F M 9,11
4-way match run

ICP 6 0 A F F 49,16

ICP7 0 (0] M F 89,77

ICP 8 A A F F 52,79

ICP9 A 0 F M 4,92

Additional ICP with at least one match possibility with CP (n=7)
HLA incompatibility

ICP 10 0 B F M 99,88
ICP 11 A AB F M 97,44
ICP 12 A A F M 100,00
ABO incompatibility
ICP 13 A 0 M M 22,99
ICP 14 A 0 F M 0,00
ICP 15 A 0 F M 0,00
ICP 16 A 0 F M 0,00

ICP with no match possibility with CP simulation (n=19)
HLA incompatibility

ICP 17 AB AB M F 99,56
ICP 18 0 A M F 100,00
ICP 19 A A F M 100,00
ICP 20 0 0 F M 84,82
ICP 21 A A M F 99,97
ICP 22 0 0 F F 99,99
ICP 23 0 0 M M 99,55
ICP 24 B B F F 98,39
ABO incompatibility
ICP 25 A 0 M F 98,65
ICP 26 A 0 M F 99,99
ICP 27 AB B F M 1,79
ICP 28 A B M F 99,35
ICP 29 A 0 M F 10,74
ICP 30 B A F M 0,00
ICP 31 A 0 F M 0,00
ICP 32 B 0 M F 30,99
ICP 33 A 0 F M 7,39
ICP 34 A 0 F M 6,61
ABO and HLA incompatibility
ICP 35 A 0 F F 56,49

CP, compatible pair; ICP, incompatible pair; D, donor; R, recipient; F, feminine;

M, masculine; vPRA, virtual panel reactive antibodies;

HLA eplet mismatch (EpMM) load was calculated for each patient considering the

direct compatible pair and the best donor found in KEP match simulation, using HLA

MatchMaker, version 3.0. Although all CP were equally mismatched, with six HLA

antigen mismatches, the total number of HLA class | eplet mismatch (EptMM-I) from

recipients of CP ranged from 26 to 74, and 19 to 85 for HLA class Il eplet mismatch

load (EptMM-II).
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The match simulation performed without the inclusion of CP identified nine possible
transplants between ICP in 4-way, 3-way and a 2-way loop. This match allowed the
transplantation of seven (77.8%) patients with vVPRA higher than 50%, three of them
being higher than 95%. On the other hand, the match simulation cycle with the
inclusion of CP, 16 out of 17 (94.1%) had at least one cross-over kidney transplant
possibility and 13 out of 16 (81.25%) patients succeed to find a better HLA eplet
matched donor (81.4+17.6 vs. 64.4+19.5; P=0.007). Considering the inclusion of the 13
CP that would benefit by entering this program we observed an increased
transplantation rate with 7 additional patients with a matching possibility in the same
ICP pool (Table 13).

The comparison of eplet mismatch load, total (EptMM) and antibody-verified (EpvMM),
between cross-over kidney donors that would be considered (n=13) and CP original
donor, are presented in Table 14. HLA class | and class Il EptMM and EpvMM was
significantly different between CP and KEP donors (83.9+16.9 vs. 59.8+12.2, P=0.002
and 30.1+5.5 vs. 21.243.0, P=0.003, respectively). This difference remained
statistically significant if HLA class | (45.848.1 vs. 32.2+9.7, P=0.002 and 15.5+3.0 vs.
10.9+3.5, P=0.003, respectively) and class Il (38.1+12.2 vs. 27.7+12.8, P=0.016 and
15.3+4.0 vs. 9.7+4.7, P=0.004, respectively) were analyzed independently.

Table 14 - Comparison of eplet mismatch load between compatible pair donor (CPD) and kidney
paired donors (KPD), obtained after match in Portuguese kidney exchange program.

CPD (N=13) KPD (N=13) Mean of difference P Pos T
Mean+SD Mean+SD (95% CI) Zero =
Neg |

Ept_I+1I 83.9£16.9 59.8+12.2 -24.1 (-32.1; -16.0) 0.002 0
0

13

Epv_I+II 30.1£5.5 21.2#3.0 -89 (-13.1; -4.7) 0.003 2
0

11

Ept.I 45.8+8.1 32.2+9.7 -13.7 (-19.1; -8.3) 0.002 0
1

12

Epv_I 15.5£3.0 10.9+3.5 -4.5(-6.9; -2.2) 0.003 1
1

11

Ept_II 38.1+x12.2 27.7¥12.8 -10.4 (-17.9; -2.9) 0.016 2
0

11

Epv_Il 15.3+4.0 9.7+4.7 -5.5(-9.0; -2.1) 0.004 0
1

10

Donor age 49.8+9.9 48.5+7.8 -1.2 (-10.2; 7.7) 0.674 6
1

6

Female donor, n (%) 10 (77) 8(62) - 0.727 -

CPD, compatible pair donor; KPD, kidney exchange program donor; Ept, total eplet mismatch load; Epv, antibody-verified eplet
mismatch load; I, HLA class [; I, HLA class II; I+ll, HLA class | and class II; 1, number of patients with increased value of Ep or
age, considering KPD versus CPD; =, number of patients with equal value of Ep or age, considering KPD versus CPD; |, number
of patients with decreased value of Ep or age, considering KPD versus CPD;
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Major Conclusions:

- HLA allosensitization degree of Portuguese KEP is very high.

- Blood groups frequencies within the Portuguese KEP are deeply imbalanced.

- The inclusion of fully mismatches compatible pairs with national Portuguese
KEP increased matched rate within ICP.

- Compatible pairs included in KEP benefit by decreasing HLA eplet mismatch
load, total and verified, when compared to the direct donor.
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3. POST-TRANSPLANT FOLLOW-UP
3.1. HLA class Il eplet mismatch load improves dnDSA prediction

HLA class Il antibody-verified eplet mismatch load improves prediction of dnDSA
development after living donor kidney transplantation.

Tafulo, Malheiro et al. Int. J. Immunogenet 2021 Feb;48(1):1-7. doi: 10.1111/iji.12519
Appendix 4

We retrospectively analyzed a cohort of 210 LDKT between January 1, 2008 and
December 31, 2017 performed in CHUP. Patients presenting post-transplant anti-HLA
antibodies assessment performed with SAB assays were considered, defining the 96
LDKT recipients as the studied cohort. Median follow-up after transplant was 52.4
(33.7—77.7) months.

Thirty two patients (33%) had preformed anti-HLA antibodies of which eight (8%) were
donor specific. Thirteen patients (14%) experienced one rejection episode, eight
cellular mediated and five antibody-mediated rejections. Six patients developed HLA
class | dnDSA (Table 15).

Table 15 - Clinical and immunological characteristics considering dnDSA for HLA class |.
No dnDSA-I dnDSA-1

P
N=90 N=6

HLA-I antigen broad MM, mean+SD 3.26x1.85 2.50£2.07 0.321
HLA-I antigen split MM, mean+SD 3.31+1.91 2.83+1.94 0.509
HLA-I eplet total MM, mean+SD 13.3+8.2 9.2%+6.5 0.256
HLA-I eplet AbVer MM, mean+SD 7.8+4.9 4.7+2.26 0.101
Acute cellular rejection, n (%) 7 (8) 1(17) 0.415
Antibody-mediated rejection, n (%) 5(6) 0 1

HLA-I, HLA class I; MM — mismatches; AbVer, antibody verified; SD, standard deviation.

The incidence of dnDSA for HLA class | at 6-years was 7%. No significant difference
were found for HLA broad and split antigen and total and AbVer eplet mismatches in
dnDSA-I group compared to the no dnDSA-I group (2.50+2.07 vs. 3.26+1.85, p=0.321,
2.83+1.94 vs. 3.31+1.91, p=0.509; 9.246.5 vs. 13.348.2, p=0.256 and 4.7+2.6 vs.
7.814.9, p=0.101, respectively). In a multivariate analysis no predictors for dnDSA-I
were identified (Table 16).
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Table 16 - Multivariate models of dnDSA for HLA class I.
Model 1 HR 95% CI P

No predictor detected

Model 2 HR 95% CI P
HLA-I eplet total MM 0.942 0.841-1.054 0.295
Model 3 HR 95% CI P
HLA-I eplet AbVer MM 0.874 0.709-1.077 0.207
Model 4 HR 95% CI P
HLA-I antigen broad MM 0.903 0.559-1.458 0.676
Model 5 HR 95% CI P
HLA-I antigen split MM 0.975 0.617-1.543 0.915

Model 1: included the following variables: recipient age and gender, dialysis type and vintage, donor age and gender,
unrelated living donor, induction IS, retransplant, virtual PRA and preformed DSA, but excluded HLA class Il eplet and
antigen mismatches. Final model with independent predictors was defined by stepwise backward selection (P<0.05 used
for retention in the model). Model 2 to 5: univariate (unadjusted) analysis for HLA-I total eplet MM, HLA-I AbVer eplet
MM, HLA-I antigen broad MM and HLA-I antigen split mismatch, respectively.

Regarding HLA class Il, seven patients developed dnDSA during follow-up time (Table
17). HLA class 1l total and AbVer eplet mismatches were greater in dnDSA-II
group compared to the no dnDSA-Il (41.3£18.9 vs. 23.1+16.7, p=0.018 and
18.0+8.7 vs. 9.9£7.9, p=0.041), which is not observed for HLA class Il antigen
broad and split mismatches (2.29£0.49 vs. 1.56+1.22, p= 0.090 and 2.43+0.79
vs. 1.84+1.30, p=0.248). As expected ABMR was greater within dnDSA-II group
(3.0 vs. 2.0; p=0.002).

Table 17 - Clinical and immunological characteristics considering dnDSA for HLA class |l.
No dnDSA-II dnDSA-II

N=89 N=7 P
HLA-II antigen broad MM, mean+SD 1.56+1.22 2.29+0.49 0.090
HLA-II antigen split MM, mean+SD 1.84+1.30 2.43%0.79 0.248
HLA-II eplet total MM, mean+SD 23.1x16.7 41.3+189 0.018
HLA-II eplet AbVer MM, mean+SD 9.9+£7.9 18.0+8.7 0.041
Acute cellular rejection, n (%) 7 (8) 1(14) 0.467
Antibody-mediated rejection, n (%) 2(2) 3(43) 0.002

HLA-II, HLA class II; MM - mismatches SD, standard deviation.

The incidence of dnDSA-II at 6-years was 17% (Figure 14). For HLA broad antigen
mismatch considering 0-1, 2 and 3-4 mismatches were 0%, 24% and 33%, respectively
(p=0.060) - Figure 14A. Regarding total eplet mismatches terciles intervals of less than
17, between 17 and 32, and higher than 32 were 0%, 13% and 41%, respectively (p=
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0.028) — Figure 14B. Finally, AbVer eplet mismatch load terciles of less than 6,
between 6 and 14, and higher than 14 were 0%, 4% and 42% (p=0.006) — Figure 14C.
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Figure 14 - Incidence of dnDSA for HLA class Il considering: A) antigen
mismatches, B) total eplet mismatches; C) antibody-verified eplet mismatch
load.

In a multivariate analysis we found that preformed DSA (HR=7.983; 95IC:1.329-
47.968; p=0.023), living unrelated donors (HR=8.052; 95IC:1.313-49.394; p=0.024)
and retransplantation (HR=14.393; 95IC:1.946-106.441; p=0.009) were predictors for
dnDSA-1I (AUC = 0.801; 95%CI: 0.622-0.981) (Table 18, Model 1). HLA class Il total
and AbVer eplet mismatches (HR=1.042; 95IC:1.004-1.082; p=0.031; AUC = 0.852
and HR=1.105; 95IC:1.011-1.208; p=0.028; AUC = 0.856) showed to be superior
predictors of dnDSA-Il, when compared to broad or split antigen mismatches
(HR=1.740; 95IC:0.877-3.452; P=0.113; AUC=0.783 and HR=1.677; 95IC:0.847-3.318;
P=0.138; AUC=0.818), when adjusted for Model 1 (Table 18, Model 3, 5, 7 and 9
respectively).
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Table 18 - Multivariate models for dnDSA for HLA class Il.

Model

Model 1 HR 95% CI P C-statistics
(95% CI)

Preformed DSA 7.983 1.329-47.968 0.023

0.801
Living unrelated donor 8.052 1.313-49.394 0.024 (0.622-0.981)
Retransplant 14.393 1.946-106.441 0.009
Model 2 HR 95% CI P P
HLA-II eplet total MM, 0.755
unadjusted 1.056 1.015-1.098 0.007 (0.630-0.919)
Model 3 HR 95% CI P P
HLA-II eplet total MM, 0.852
adjusted to Model 1 1.042 1.004-1.082 0.031 (0.718-0.986)
Model 4 HR 95% CI P P

0.738
HLA-II eplet AbVer MM, 1.141 1.042-1.249 0.004 0.865-0.911
unadjusted (0.565-0.911)
Model 5 HR 95% CI P P

0.856
HLA-II eplet AbVer MM, 1.105 1.011-1.208 0.028 0.726-0.748
adjusted to Model 1 (0.726-0.748)
Model 6 HR 95% CI P P
HLA-II antigen broad MM, 0.659
unadjusted 1.645 0.883-3.063 0117 (0.570-0.748)
Model 7 HR 95% CI P P
HLA-II antigen broad MM, 0.783
adjusted to Model 1 1.740 0.877-3.452 0.113 (0.605-0.961)
Model 8 HR 95% CI P P
HLA-II antigen split MM, 0.590
unadjusted 1458 0804-2.643 0214 (0.498-0.683)
Model 9 HR 95% CI P P
HLA-II antigen split MM, ) 0.818
adjusted to Model 1 1677 0.847-3.318 0.138 (0.628-1)

Model 1: included the following variables: recipient age and gender, dialysis type and vintage, donor age and gender, unrelated living
donor, induction IS, retransplant, virtual PRA, preformed DSA, excluding HLA class Il eplet and antigen mismatches, were included. Final
model with independent predictors was defined by stepwise backward selection (P<0.05 used for retention in the model); Model 2, 4, 6
and 8: univariate (unadjusted) analysis for each predictor; Model 3, 5, 7 and 9: Multivariate (adjusted for independent predictors detected
in Model 1) analysis for each predictor.

Six patients (6,25%) experienced graft failure deemed as alloimmune-related. Overall
graft survival was 79% at 9-years of follow-up (Figure 15). Graft survival was
significantly lower within dnDSA-Il patients group (36% vs. 88%, p < 0.001). No
significant difference was observed for dnDSA-I (83% vs. 77%, p=0.926).

Finally, in a multivariable model adjusted for recipient age and gender, donor age and
gender, living related vs. unrelated donor, retransplant, preformed DSA, virtual PRA
(VPRA), dnDSA-I, we found that rejection episodes (HR=16.026; 95IC:1.420-180.87;
p=0.025) and HLA class Il dnDSA development (HR=20.447; 95IC:1.994-209.687,
p=0.011) were independent predictors of allograft failure (Table 19).
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Graft survival curves by dnDSA-| status Graft survival curves by DSA-II status
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Figure 15 - Kaplan-Meier graft survival curves comparisons by dnDSA status.

Table 19 - Multivariate model for allograft failure.

HR 95% CI P
Rejection 16.026 1.420-180.887 0.025
dnDSA-II 20.447 1.994-209.687 0.011

Multivariable model adjusted for: recipient age and gender, donor age and gender, living related vs. unrelated
donor, retransplant, preformed DSA, vVPRA, dnDSA-I.

Major Conclusions:
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The number of HLA class I, total and particularly AbVer, eplet mismatch load
were greater in dnDSA-Il group compared to no dnDSA-II, which is not verified

when mismatches are determined traditionally considering the HLA class Il

broad or split molecule as a whole.

Antibody-mediated rejection was significantly higher within HLA class Il dnDSA

positive sub-cohort (3.0 vs. 2.0; p=0.002).

HLA class Il total and AbVer eplet mismatch load were independent predictors
for HLA class Il dnDSA development.

Neither HLA class | broad and split antigen or HLA class | total or AbVer eplet

mismatch load, had any predictive value for HLA class | dnDSA, in our cohort.
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3.2. HLA eplet mismatch load improves prediction of ABMR

Degree of HLA class Il eplet mismatch load improves prediction of antibody-mediated
rejection in living donor kidney transplantation.
Tafulo, Malheiro et al. Human Immunology 2019 Dec; 80(12):966-975.

doi: 10.1016/j.humimm.2019.09.010. PMID: 31604581.
Appendix 5

We retrospectively analyzed 157 ABO-compatible consecutive LDKT between January
1, 2007 and December 31, 2014 performed in CHUP.

Patients with early graft loss within the first 30 days post-transplant (n=4, all losses
were deemed technical) or without DNA based HLA typing (n=2) were excluded,
defining the remaining 151 LDKT recipients as the studied cohort. All patients were
followed-up from time of transplant until death and GF was defined as return to dialysis
or retransplant or June 30, 2018. Thirty-three patients experienced that least one AR
episode (21.9%) during median follow-up time after transplantation of 70.1 (IQR, 56.2—
104.2) months. AR episodes were classified according to last Banff classification as
CMR (n=16) and ABMR (n=17). The median time until CMR was 1.4 months (IQR: 0.2—
51.4) [range: 0.1-118.1] and until ABMR 6.3 months (IQR: 0.3-36.3) [range: 0.2—-75.4].
One hundred and forty (92.7%) patients remained with a functioning graft at the end of
follow-up. In this group, those in whom AR occurred had higher SCr (P=0.029), eGFR
(P=0.003) and proteinuria (P=0.001).

At transplant, patients that came to experience AR were more sensitized, with higher
cytotoxic and VPRA values (P=0.038 and P=0.009), with longer dialysis vintage time
(P=0.030) and, as expected, more preformed DSA (P=0.008).

Merely 9% of related LDKT were a HLA full identical match, that is, 94% of the patients
were transplanted with HLA mismatches. The median number of HLA class | and class
I AQMM was 4.79 + 2.53 (range 0-10), being significantly higher within AR sub-cohort
(5.67 = 2.19, P=0.015). The median number of HLA class | and class Il EpMM was
16.8 £ 10.7 (range 0-53), which was significantly higher on AR patients (21.2 + 9.4,
P=0.003). The mean number of HLA class Il Ag and EpMM were higher in AR patient
group (2.09 + 1.04 versus 1.52 + 1.16, P=0.008 and 12.7 + 7.2 versus 8.4 + 7.7,
P=0.001), while the mean number of HLA class | AgMM and EpMM was similar

between both groups.
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Eplet mismatch load for HLA class | and class Il were analyzed as their terciles: T1
(EpMM=<5) as low, T2 (5 < EpMM < 10) as moderate and T3 (EpMM=210) as high HLA-I
EpMM load and T1 (EpMM=<5) as low, T2 (5 < EpMM < 13) as moderate and T3
(EpMM=13) as high HLA-II EpMM load. HLA-DR and HLA-DQ were also analyzed
separately as terciles: T1 (EpMM<1) as low, T2 (2<EpMM=<5) as moderate and T3
(EpMM=6) for HLA-DR and T1 (EpMM<1) as low, T2 (2<EpMM<6) as moderate and T3
(EpMM27) for HLA-DQ. HLA-II EpMM analyzed as terciles groups also showed
significant differences between patients with or without AR (P=0.008).

As expected, there was a close correlation between the number of broad antigens and
the number of eplet mismatch load for HLA-I and HLA-Il, with Pearson’s r-values of
0.775 (P < 0.001) and 0.799 (P < 0.001), respectively (Figure 16). HLA antigen and
EpMM association with rejection episodes, considering no rejection, CMR and ABMR
episodes are shown in Figure 17. Only HLA-Il antigen and EpMM were correlated with
ABMR, when compared to no rejection group (HLA-II antigen with ABMR, 2 (2-3),
P=0.014 vs. no rejection, 2 (0-2), HLA-Il EpMM with ABMR, 15 (10-18), P=0.002 vs.
no rejection, 8 (1-14)).
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Figure 16 — Association between the number of HLA class | and class I
antigen mismatches with the eplet mismatch load.
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Figure 17 - Association between the number of HLA class | and class Il eplet and
antigen mismatches with rejection episodes considering: no rejection, CMR and
ABMR.

The incidence of ABMR in patients transplanted with low, moderate and high HLA-II
EpMM load were respectively 2%, 13% and 22%, at 96 months (P=0.003) (Fig. 18A).
Considering only patients with no more than two antigen mismatches in HLA-Il (n=123)
(Fig. 18B), incidence of ABMR in patients transplanted with low, moderate and high
HLA-II EpMM load were respectively 2%, 14% and 13%, at 96 months (P=0.036).
Finally, considering only patients with no preformed DSA (n=138) (Fig. 18C), ABMR
incidence for patients transplanted with low, moderate and high HLA-II EpMM load
tercile were respectively 2%, 5% and 20% at 96 months (P=0.013).
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T3=20%, P=0.036); C) Patients without preformed DSA (T1=2%, T2=5%, T3=20%,

P=0.013). MM — mismatches.

Results

In univariate analysis, no variable was significantly associated with CMR. Multivariate

analysis adjusted to ATG induction (the single variable with the defined threshold of p-

value < 0.1) showed that neither antigen nor eplet mismatch load at HLA-I or HLA-II

(Table 20) were independent predictors of CMR. In univariate analyses, ABMR
predictors were: positive cytotoxic PRA (HR=3.564; P=0.026), preformed anti-HLA
antibodies (HR=3.879; P=0.006), preformed DSA (HR=7.113; P < 0.001), HLA-Il Ag
MM (HR per unit increase=1.510; P=0.048), HLA-Il EpMM moderate load (versus
patients with low HLA-II EpMM load, HR=7.200; P=0.068) and patients with high HLA-II
EpMM load (versus patients with low HLA-II EpMM load, HR=11.809; P=0.019) (Table

21).
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Table 20 - Univariate and multivariate analysis for each predictor for cellular-mediated rejection (n=16).

Univariate analysis Multivariate analysis*

HR 95% CI P HR 95% CI P
Recipient age, per 1-year increase 0.991 0.955-1.029 0.647
Donor age, per 1-year increase 0.981 0.934-1.030 0.432
Female (vs male) recipient 2.110 0.791-5.631 0.136
Female (vs male) donor 0.855 0.297-2.465 0.772
Living unrelated (vs related) donor 2.296 0.830-6.355 0.109
Dialysis vintage, per 1-month increase 1.003 0.995-1.010 0.493
Retransplant 1917 0.546-6.731 0.310
Cytotoxic PRA 25% 1.362 0.309-6.001 0.683
ATG induction 3.039 0.861-10.731 0.084
Tacrolimus (vs. cyclosporine) use 0.441 0.122-1.597 0.212
Anti-HLA antibodies 1.768 0.568-5.502 0.325
DSA, n (%) 0.762 0.100-5.782 0.792
HLA-I antigen MM, per unit increase 1.282 0.934-1.758 0.124 1.267 0.919-1.747 0.149
HLA-II antigen MM, per unit increase 1.385 0.898-2.137 0.141 1.310 0.840-2.044 0.223
HLA-I epitope MM
T1:0-5 Ref. Ref.
T2:6-9 1.426 0.402-5.058 0.583 1.777 0.480-6.575 0.389
T3: 210 1.697 0.475-6.059 0.415 1.988 0.541-7.304 0.301
HLA-II epitope MM
T1:0-5 Ref. Ref.
T2:6-12 1.499 0.402-5.582 0.547 1.401 0.373-5.259 0.617
T3:213 2.158 0.629-7.397 0.221 1.746 0.476-6.403 0.400

*adjusted for ATG induction; HLA-I/Il mismatches were analyzed individually as predictors of CMR.
HLA, human leukocyte antigen; PRA, panel reactive antibodies; DSA, donor-specific antibodies; HLA-I, HLA class I; HLA-II, HLA class
II; MM, mismatches; Ep, eplet; Ag, antigen; ATG, anti-thymocyte globulin; HR, hazard ratio;

Table 21 - Univariate analysis for each predictor for antibody-mediated rejection (n=17).

HR 95% CI P

Recipient age, per 1-year increase 1.005 0.970-1.041 0.789
Donor age, per 1-year increase 0.972 0.928-1.018 0.233
Female (vs male) recipient 1.130 0.418-3.056 0.810
Female (vs male) donor 1.273 0.415-3.904 0.673
Living unrelated (vs related) donor 1.662 0.640-4.314 0.296
Dialysis vintage, per 1-month increase 1.004 0.998-1.011 0.170
Retransplant 1.829 0.525-6.367 0.343
Cytotoxic PRA 25% 3.564 1.161-10.944 0.026
ATG induction 1.790 0.409-7.830 0.439
Tacrolimus (vs cyclosporine) use 1.388 0.184-10.466 0.751
Preformed anti-HLA antibodies 3.879 1.469-10.244 0.006
Preformed DSA, n (%) 7.113 2.615-19.344 <0.001
HLA-I antigen MM, per unit increase 1.135 0.847-1.522 0.396
HLA-II antigen MM, per unit increase 1.510 1.004-2.268 0.048
HLA-I epitope MM
T1:0-5 Ref.
T2:6-9 2.317 0.599-8.963 0.224
T3:210 2.474 0.639-9.575 0.190
HLA-II epitope MM
T1:0-5 Ref.
T2:6-12 7.200 0.867-59.816 0.068
T3:213 11.809 1.511-92.271 0.019

HLA, human leukocyte antigen; PRA, panel reactive antibodies; DSA, donor-specific antibodies; HLA-I, HLA class |; HLA-II, HLA

class II;

MM, mismatches; Ep, eplet; Ag, antigen; ATG, anti-thymocyte globulin; HR, hazard ratio;
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In the multivariate analysis neither HLA EpMM nor antigen mismatch for HLA-I was
associated with ABMR. Differently, high (EpMM=213) versus low (EpMM<5) HLA-II eplet
mismatch load, was an independent predictor of ABMR (adjusted HR=14.839;
P=0.011), while HLA-II antigen mismatch was not. The mean difference in the c
statistic between EpMM load and antigen mismatch for HLA-II based risk models was
0.064 (P=0.023), showing that the former was a significant better predictor of ABMR
than the latter (Table 22).

Table 22 - Multivariate analysis of each predictor of antibody-mediated rejection, adjusted for the variables
with a p-value <0.1 in the univariate analysis.

c-statistics Mean
HR 95% CI P AlC BIC (95% CI) difference*
° (95% CI)
HLA-1 Ep MM
T1:0-5 Ref. 0.707 0.046
T2:6-9 2.196 0.565-8.530 0256 1634 1785 (575.0842)  (-0.079-0.171)
T3: 210 2.106 0.541-8.197 0.283
HLA-1 Ag MM, per unit increase 1.120 0.830-1.511 0457 1625 1746 53'76_21815) P=0.472
HLA-II Ep MM
T1:0-5 Ref. 1531 1682 0.785 0.064
T2: 6-12 7.753  0.929-64.724  0.059 : : (0.675-0.895)  (0.009-0.119)
T3:213 14.839 1.846-119.282  0.011
HLA-II Ag MM, per unit increase 1.377 0.913-2.076 0127 1607 1728 0.721 P=0.023

(0.596-0.847)

* Percentile 95% Cls for c statistics were derived using 1000 bootstrap samples. The differences in c statistics were replicated 1000
times using bootstrap samples to derive 95% Cls.

HLA, human leukocyte antigen; HLA-I, HLA class I; HLA-II, HLA class II; MM, mismatches; Ep, eplet; Ag, antigen; HR, hazard Ratio; AIC,
akaike information criterion; BIC, bayesian information criterion.

As we demonstrated in the multivariate analysis only HLA-II EpMM is an independent
predictor for ABMR. As such, we performed a more detailed analysis to understand if
there was a different contribution of HLA-DR and HLA-DQ loci.

Figure 19 shows the number of eplet mismatches per HLA-Il loci, considering no
rejection, CMR and ABMR. In the unadjusted model, patients with higher eplet
mismatch load for HLA-DR and HLA-DQ loci experienced more ABMR episodes
(versus no rejection, P=0.009 and P=0.008 respectively). The multivariate analysis of
HLA-DR and HLA-DQ loci for CMR and ABMR occurrence, adjusted for variables with
a p < 0.1 in the univariate analysis as shown in Tables 20 and 21, is reported in Table
23. Neither HLA-DR nor HLA-DQ were independent predictors for CMR. On the other
hand, high versus low eplet mismatch load for HLA-DR (T326 versus T=0-1, P=0.013)
and HLA-DQ (T3=7 versus T=0-1, P=0.009) were independent predictors for ABMR.
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Figure 19 - Comparison of HLA-DR and HLA-DQ eplet mismatches
according to rejection status (significant differences are shown).

Table 23 — Multivariate analysis of each predictor for CMR and ABMR occurrence (adjusted
for variables with a p-value <0.1 in the univariate analysis as shown in table 20 and 21).

HR 95% CI P
Cellular-mediated rejection
HLA-DR EpMM 0.802
T1:0-1 Ref.
T2: 2-5 2.107 0.630-7.049 0.226
T3 26 0.763 0.165-3.521 0.729
HLA-DQ EpMM 0.564
T1:0-1 Ref.
T2:2-6 2.357 0.598-9.293 0.221
T3 27 1.678 0.409-6.874 0.472
Antibody-mediated rejection
HLA-DR EpMM 0.013
T1:0-1 Ref.
T2:2-5 6.188 0.734-51.899 0.093
T326 10.079 1.273-79.808 0.029
HLA-DQ EpMM 0.009
T1:0-1 Ref.
T2:2-6 1.559 0.281-8.655 0.611
T3 27 5.943 1.272-27.760 0.023

CMR, cellular-mediated rejection; ABMR, antibody-mediated rejection; HLA, human leukocyte antigen; EpMM, number of eplet
mismatches; HR, hazard Ratio; Cl, Confidence interval.

Improvement in calculated risk for ABMR was assessed by IDI and NRI. The mean
predicted probability of ABMR increased among patients with ABMR (36.7%) and
decreased in patients without ABMR (9.8%), when comparing HLA-II eplet mismatch
based to the classic HLA-II antigen mismatch risk models. The IDI was 0.061 (95%CI
0.005-0.195) (Figure 20). Again, when HLA-Il eplet based model was used

comparatively to the antigen mismatch model, it reclassified correctly 92 of 134
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patients (68.7%), among patients without ABMR, and 13 of 17 patients (76.5%) within

those with ABMR. The category free net reclassification index (cfNRI) was 0.785
(95%CI 0.300-1.426) (Figure 21).
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GF occurred in 9 (6%) patients during the overall follow-up time of 70.1 (56.2-104.2)
months. No association was found between graft failure, final sCr or eGFR with EpMM
(data not shown). Differently, graft survival at 120 months (Figure 22) was 91% for
patients with no rejection episodes, 83% within patients with CMR and only 63% for
patients with ABMR (P < 0.001).
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Figure 22 - Graft survival Graft at 120 months for patients with no
rejection episodes, patients with CMR and patients with ABMR.

Major Conclusions:

- There was a close correlation between the number of broad antigens and the
number of antibody-verified eplet mismatch load for HLA-I and HLA-II.
- HLA class Il antibody-verified eplet mismatch load was a strong predictor of

ABMR, when compared to the conventional HLA broad antigen mismatch

assessment.
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Discussion and Conclusions

1. DISCUSSION

Chronic kidney disease (CKD) has a tremendous impact on public health (122) and only a
small percentage of these patients are eligible of kidney transplantation, the best renal
replacement therapy available since it reduces morbidity and mortality (123).
Notwithstanding the multiple strategies to narrow the gap between organs supply and
demand, patients still suffer long waiting distress times while watching the degradation of
their global health condition (124).

Access to kidney transplantation

In our study (125) we observed that patients’ blood type and degree of HLA
allosensitization are the major factors determining longer waiting times. In the Portuguese
allocation system, we could verify that O blood type patients are in disadvantaged to find a
compatible donor, when compared to the remaining groups, and HS candidates were
hugely disadvantaged in the access to KT, independently from ABO blood groups. As
such, in an effort to bring more equity to allocation systems, it became essential to
improve HLA antibodies immunoassays and the ability to assess immunologic risk.

The introduction of the sensitive solid-phase immunoassays, when compared to classic
cytotoxic assays, enabled an outstanding improvement in the HLA allosensitization
analysis (48). Beyond increased sensitivity, SPI are specific for immunoglobulin G (IgG)
HLA antibodies, while CDC detects both IgG and IgM HLA and non-HLA complement
fixing antibodies. Single-antigen bead assays were particularly relevant by allowing the
introduction of virtual PRA (88), virtual crossmatch (126) and an accurate evaluation of
sera with multiple HLA antibodies which was substantially difficult, or even impractical,
using cell-based assays. These assays are a fundamental in allocation systems, chiefly
within hyper sensitized patients, kidney paired kidney exchange programs, and
immunological risk stratification protocols (127).

Despite the unquestionable advantages of these methods, as histocompatibility
laboratories implemented these sensitive assays to assign HLA antibodies, patients” HLA
allosensitization increased greatly reducing transplant probability. However, soon after,
several technical limitations were associated with these assays and it became clear that
the accurate identification of clinically relevant HLA specificities is crucial to assure

transplant success in a timely manner (128, 129).
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Unacceptable HLA antigen assignment

SAB assays, alongside with HLA sequencing methods and the elucidation of the three-
dimensional molecular structure, enable the confirmation that HLA antigens are strings of
multiple eplets, determined by amino acid residues in polymorphic positions, shared
between several molecules. As such, SAB assays interpreted with the awareness of the
described technical limitations and using eplet analysis enables HLA antibody reactivity
pattern definition in the context of patient’s allosensitization history (130).

Our study revealed a concerning accumulation of hyper sensitized patients with 34.6 %
(n= 683 of 1973) in the national Portuguese waitlist and 25.9% (n=157 of 606) in the north
region, considering SAB to assign UA with a 1000 MFI cut-off and vPRAt equal or greater
than 98% (131). The variability of HLA allosensitization status with the type of method
used was indubitable, as already described (36). Within the HS in the north region only
12.1% (n=19 of 157) have PRA-CDC equal or greater than 80%, the historical definition
for HS in Portugal and still in practice to attribute additional points in allocation system.
Besides the unquestionable value of SAB assays in risk assessment and UA assignment,
when compared to old CDC, the use of SAB with a stringent cut-off for the last 15 years
led to dramatically overestimation of HLA allosensitization, augmenting the difficulty to find
a compatible donor. The conservative VPRAt criteria used in Portuguese allocation
algorithm was already described to be inefficient for transplanting highly-sensitized
patients that are accumulating in waitlist with extremely prolonged waiting times (125). In
fact, in our study 120 (76%) of HS patients are re-transplant candidates and 126 (80%)
patients have dialysis vintage time over five years.

Our study showed that almost half of the HS patients (45%, n=70) would be reclassified to
a lower vPRA interval, when considering current vVPRA, decreasing the number of eMR
needed for 95% probability of finding a compatible donor, and hence increasing transplant
probability. However, due to the SAB assays limitation already described, using the
current vPRA with a fixed 1k MFI cutoff may also be misleading and must be interpreted
with caution. The introduction of HLA eplet analysis in SAB analysis allowed us to
introduce clinical relevance in the interpretation with eplet vPRA. With this measure, cut-
off is determined based on patient’s sensitization history and HLA eplet analysis assigns
as unacceptable HLA antigens with explainable antibody-verified eplet or high ElliPro
score. ElliPro is a prediction program based on three-dimensional structures of antigen-
antibody complexes developed by Ponomarenko (113) that enables the characterization
of clinically relevant eplet repertoires in HLA matching (114).

Eplet based vPRA granted the reclassification of 124 (79%) and 80 (51%) patients to a
lower group when considering vVPRAt and vPRAC to VPRAe, respectively. In fact, 66 (42%)
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and 39 (25%) patients would be reclassified as non-HS, respectively. This was particularly
significant when considering the third group of patients with 100% (P<0.001).

This represented a huge impact on the percentage of change of eMR needed for 95%
probability of finding an acceptable donor for the whole cohort, when considering vPRALt to
VPRAe (P<0.001) or vPRAc to vPRAe (P=0.045). This was not observed in the
percentage of change in eMR from vPRAt to VPRAc (P=0.899). Our study showed also
that median percentage of change in eMR from vPRAt to VPRAe was significantly less
pronounced in candidates to retransplant with 100% of vPRA (P=0.010) and for patients
with dialysis vintage 210 years (P=0.049 for all cohort, P=0.015 for vPRA=100% and
P=0.005 for patients with vVPRA between 97.50% and 97.99%). This observation
reinforces the strength of vPRAe measure, which has an important decrease within first
transplant candidates with lower cytotoxic PRA, and this impact is less pronounced in
patients considered to be at highly immunological risk (80, 132, 133). Although our study
did not include cellular assays to prove the efficacy of the strategy, and we must be aware
that a percentage of cellular based crossmatches could be positive, we demonstrated that
UA assignment based on eplet analysis increases transplant probability in a hyper
sensitized cohort.

Compatible pairs in kidney paired donation

HLA allosensitization is a barrier to successful kidney transplantation also with living
donation. Incompatible pairs have the option of kidney paired exchange programs but
these programs are not able to present solutions for every ICP, and also struggle to find
new solutions, such as participation in wider international programs (134), the use of
desensitization programs within KEP (135) and the introduction of compatible pairs (CP)
(136, 137).

Our study (115) shows that the inclusion of fully mismatches CP with national Portuguese
KEP increased matched rate within ICP. This was expected as we observed an improved
balance for ABO blood groups and vPRA. In fact, allosensitization degree of Portuguese
patients is very high, aggravated by the lack of a national program for highly sensitized
patients and, together with O blood type imbalance, a well-known problem (138), results in
lower transplantability among these patients (125, 139).

Furthermore, both HLAI pairs that were desensitized to be transplanted directly and
included in the CP sub-cohort, would find a compatible match without donor specific
antibodies (DSA), sparing desensitization. On the other hand, the matching simulation did
not find a matched pair for ABOi pair, CP7 desensitized and transplanted directly. This is
not surprising as this patient was blood type O and these donors were in minority (25.7%)

within ICP in KEP. In fact, ABOi barrier can be crossed with outcomes equivalent to ABO-
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compatible transplantation. Several groups have described that acceptance of ABOI
matching significantly enhances transplant rates in KEP (140).

Our study showed that, in the pool of 35 ICP, 16 CP (94.1%) obtained one or more
transplants possibility within the program, of which 13 (81.25%) were able to be
transplanted with a better matched donor considering HLA class | and class Il eplet
mismatch load. The introduction of CP within KEP to seek immunological benefit has been
described by other groups (141, 142). Beyond that, also age, gender and size improved
matching could be a reciprocal benefit offer, as these factors also affects transplant
outcome (143, 144).

Although some studies raise some ethical issues and not all CP would approve their
participation in KEP (145), we believe that the altruistic nature of living donors (146), allied
to prove increasing benefit to the intended recipient, would also be a favorable factor in
the decision of CP to participate in KEP (147, 148). We believe it is our duty to offer the
best option for each patient and the inclusion of HLA mismatched CP within KEP
allocation matching, in order to seek for alternative better-matched donors, would allow

the clinical team to evaluated all possibilities and provide a better medical advice.

HLA eplet mismatch load

It is now unquestionable that de novo donor-specific HLA antibodies detected post-
transplant are an independent risk factor for late allograft dysfunction (149, 150). As their
development is a response to encountered mismatched donor HLA, an accurate
evaluation of HLA mismatches is an important factor to consider in pre-transplant
laboratory assessment of immunological risk.

However, Portuguese legislation was last updated in 2007, being completely obsolete
providing great importance to time on dialysis in expense of HLA typing compatibility. This
explains the dramatic accumulation of hyper sensitized patients in waiting list, most of
them retransplant candidates.

The outstanding importance of HLA matching in the field of transplantation led HLA typing
to evolve greatly from serology-based methods to molecular typing techniques, with
exponential increase of HLA alleles. The extremely high HLA polymorphism makes
impracticable to perform allelic matching in kidney transplantation, as well as DSA
definition and accurate vXM, as SAB assay platforms usually only support 100 HLA
antigen coated microparticles (151). For this reason, kidney allocation is usually done
considering HLA broad antigens mismatches in host-versus-graft (HvG) direction.
However, epitope-specific HLA antibody reactivity unveils the flaws of this strategy (152).
Besides the demonstrated limitation of the HLA antigen mismatch analysis, another

important drawback of the current allocation algorithms, such as Portuguese legislation,

78



Discussion and Conclusions

usually only consider HLA-A, -B, -DR loci. The strong linkage disequilibrium between HLA
class Il (HLA-DR and HLA-DQ) doesn’t seem to be enough with several studies pointing
to the higher frequency of HLA-DQ dnDSA (153, 154). Another explanation for the high
incidence of HLA-DQ dnDSA may also be related to the high number of polymorphic
epitopes on both a and 8 chains of the HLA-DQ molecule (155).

Wiebe et al showed that eplet-based mismatch analysis was a better predictor of HLA
class Il dnDSA development, when compared to classical low-resolution or high-resolution
HLA antigen mismatch (156). He demonstrated that, for the 134 patients with lower HLA-
DR (<10) eplet mismatch, none developed HLA-DR dnDSA, and only 4 out of 145 patients
with lower HLA-DQ (<17) eplet mismatch load, developed HLA-DQ dnDSA after a median
follow-up of 6.9 years.

HLA eplet matching allowed HLA classical matching refinement with proved importance
for acceptable mismatches identification and to avoid sensitization induced by an HLA
mismatch. HLA antigen mismatch considers the whole HLA molecule and identifies a
limited range of possible values (0, 1 or 2 per locus). As such, one antigen mismatch can
represent a wide variety of eplet mismatches and, consequently, different immunological
risk.

Our study (157) evidences that eplet-based matching is a refinement of the classical HLA
antigen mismatch analysis. We showed that HLA class Il eplet mismatch load was a
strong predictor of ABMR in a LDKT cohort, when compared to the conventional HLA
broad antigen mismatch assessment currently used in clinical practice.

Lastly we showed that the number of HLA class II, total and AbVer, eplet mismatch load
were greater in dnDSA HLA class Il group compared to ho dnDSA HLA class Il, which are
not verified when mismatches are determined traditionally considering the HLA class Il
broad or split molecule as a whole (158). Although the mechanism for how epitope load
increases the risk of dnDSA development is unknown, the probability of allorecognition by
a specific B cell clone likely increases with an increasing number of mismatches, as would
the likelihood of an immunodominant epitope being present. Also, ABMR was significantly
higher with HLA class Il dnDSA positive sub-cohort (3.0 versus 2.0; p = 0.002).
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Limitations

The research work developed within this thesis has several limitations.

One of major limitation regards HLA eplet mismatch load analysis that was performed
using PCR-rSSO intermediate resolution HLA typing and Caucasian population
frequencies. However, this represents the resolution possible in the context of deceased
donation due to limitations of cold ischemia time. Furthermore, Fidler et al have shown
that, in a predominantly Caucasian cohort, two-digit alleles converted to four-digit alleles
reliably calculate the number of eplet mismatches at both class | and Il loci compared to
four-digit molecular HLA typing method (159).

Another important limitation of our study is due to the sample size in particular the cohorts
of living donor’s kidney transplant pairs but, on the other hand, is a very uniform cohort of
living donors, younger patients under uniform immunosuppression therapy.

Beyond our study limitations, HLA epitope matching is currently still in progress as it is
necessary to identify all antibody-verified epitopes in order to understand their
immunogenicity. Moreover, effective and user-friendly tools to HLA eplets analysis in
deceased donation context are necessary to assure safe and prompt immunological risk

analysis.
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2. CONCLUSIONS AND FUTURE DIRECTIONS

Our study highlighted the assess inequity in organ allocation from decease donors. It
revealed the paramount importance of updating allocation policies in order to mitigate the
disadvantage of O blood type and, even more so, of HS candidates have in accessing KT.
Despite the unguestionable value of SPI, our study showed that they need to be
interpreted with caution and within patient’s allosensitization history. HLA allosensitization
urges to be re-assessed including HLA eplet analysis to SAB assays, so the known
limitations can be in some extent surpassed. This strategy is crucial to understand and
clarify HLA antibodies reactivity patterns and, consequently, improve UA assignment (160,
161). Despite this improvement in HLA antibodies assessment, other strategies are
absolutely indispensable to increase transplantation such as the introduction of
compatible pairs within Portuguese KEP.

We believe the major conclusion of our study is that, despite the evolution of
immunosuppressive drugs, HLA matching is still relevant for graft outcome. As such,
allosensitization prevention is of prime importance and minimization of HLA eplet load
mismatches is imperative to reduce risk of dnDSA development. Moreover, HLA eplet
mismatch load can also be used to assess risk following minimization of
immunosuppression (162).

Finally the most important future research direction, because not all eplet mismatches are
equally immunogenic, is the determination of HLA eplet immunogenicity. A few theories
have been considered such us differences in structural or physiochemical disparities. In
fact, hydrophobicity and electrostatic charge between mismatched amino acids have been
reported to be able to induce an alloantibody response (163, 164). Kosmoliaptsis et al
showed that this approach may allow selection of low immunogenicity donor-recipient HLA
combinations with a beneficial effect on graft outcomes (165). Assessment of the surface
electrostatic properties of HLA B-cell epitopes could be, alongside with HLAmatchmaker,
an important tool to determine HLA immunogenicity and antigenicity (166, 167).

Other important factor to determine immunogenicity may be Predicted Indirectly
ReCognizable HLA Epitopes presented by HLA-DRB1 (PIRCHE-II), that determines HLA
T-helper epitopes differences between donor and recipient to estimate the risk of de novo
antibody development and transplant outcome (168). T-helper epitopes are required for B-
cell activation, necessary for production of HLA IgG antibodies, and antibody isotype
switching (169). Lachmann et al showed that PIRCHE-II score had a major impact for
prediction of donor HLA-DRB and HLA-DQB (170).

81



82



CHAPTER VIl - REFERENCES

83



84



References

1. Hendriks GF, Schreuder GM, Claas FH, D'Amaro J, Persijn GG, Cohen B, et al.
HLA-DRw6 and renal allograft rejection. Br Med J (Clin Res Ed). 1983;286(6359):85-7.
2. Jovic NJ, Theologou M. The miracle of the black leg: E astern neglect of
Western addition to the hagiography of Saints Cosmas and Damian. Acta Med Hist
Adriat. 2015;13(2):329-44.

3. MERRILL JP, MURRAY JE, HARRISON JH, GUILD WR. Successful
homotransplantation of the human kidney between identical twins. J Am Med Assoc.
1956;160(4):277-82.

4, Sellarés 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.

5. DAUSSET J. [Iso-leuko-antibodies]. Acta Haematol. 1958;20(1-4):156-66.

6. VAN ROOD JJ, EERNISSE JG, VAN LEEUWEN A. Leucocyte antibodies in
sera from pregnant women. Nature. 1958;181(4625):1735-6.

7. PAYNE R, ROLFS MR. Fetomaternal leukocyte incompatibility. J Clin Invest.
1958;37(12):1756-63.

8. Park |, Terasaki P. Origins of the first HLA specificities. Hum Immunol.
2000;61(3):185-9.

9. Aken BL, Ayling S, Barrell D, Clarke L, Curwen V, Fairley S, et al. The Ensembl
gene annotation system. Database (Oxford). 2016;2016.

10. Reich DE, Cargill M, Bolk S, Ireland J, Sabeti PC, Richter DJ, et al. Linkage
disequilibrium in the human genome. Nature. 2001;411(6834):199-204.

11. Beck S, Trowsdale J. The human major histocompatability complex: lessons
from the DNA sequence. Annu Rev Genomics Hum Genet. 2000;1:117-37.

12. Brown K, Sacks SH, Wong W. Coexpression of donor peptide/recipient MHC
complex and intact donor MHC: evidence for a link between the direct and indirect
pathways. Am J Transplant. 2011;11(4):826-31.

13. Lin CM, Gill RG. Direct and indirect allograft recognition: pathways dictating
graft rejection mechanisms. Curr Opin Organ Transplant. 2016;21(1):40-4.

14. Ruiz P, Maldonado P, Hidalgo Y, Gleisner A, Sauma D, Silva C, et al.
Transplant tolerance: new insights and strategies for long-term allograft acceptance.
Clin Dev Immunol. 2013;2013:210506.

15. Bloom RD, Bromberg JS, Poggio ED, Bunnapradist S, Langone AJ, Sood P, et
al. Cell-Free DNA and Active Rejection in Kidney Allografts. J Am Soc Nephrol.
2017;28(7):2221-32.

16. Halloran PF, Madill-Thomsen KS, group Is. The Molecular Microscope. Am J
Transplant. 2020.

17. Jeong HJ. Diagnosis of renal transplant rejection: Banff classification and
beyond. Kidney Res Clin Pract. 2020;39(1):17-31.

18. Warner PR, Nester TA. ABO-incompatible solid-organ transplantation. Am J
Clin Pathol. 2006;125 Suppl:S87-94.

19. Sethi S, Choi J, Toyoda M, Vo A, Peng A, Jordan SC. Desensitization:
Overcoming the Immunologic Barriers to Transplantation. J Immunol Res.
2017;2017:6804678.

20. Santos C, Costa R, Malheiro J, Pedroso S, Almeida M, Martins LS, et al. Kidney
transplantation across a positive crossmatch: a single-center experience. Transplant
Proc. 2014;46(6):1705-9.

85



References

21. Lamb KE, Lodhi S, Meier-Kriesche HU. Long-term renal allograft survival in the
United States: a critical reappraisal. Am J Transplant. 2011;11(3):450-62.

22. Racusen LC, Solez K, Colvin RB, Bonsib SM, Castro MC, Cavallo T, et al. The
Banff 97 working classification of renal allograft pathology. Kidney Int. 1999;55(2):713-
23.

23. Wiebe C, Gibson IW, Blydt-Hansen TD, Karpinski M, Ho J, Storsley LJ, et al.
Evolution and clinical pathologic correlations of de novo donor-specific HLA antibody
post kidney transplant. Am J Transplant. 2012;12(5):1157-67.

24, Haas M, Sis B, Racusen LC, Solez K, Glotz D, Colvin RB, et al. Banff 2013
meeting report: inclusion of c4d-negative antibody-mediated rejection and antibody-
associated arterial lesions. Am J Transplant. 2014;14(2):272-83.

25. Haas M. The significance of C4d staining with minimal histologic abnormalities.
Curr Opin Organ Transplant. 2010;15(1):21-7.

26. Haas M, Loupy A, Lefaucheur C, Roufosse C, Glotz D, Seron D, et al. The
Banff 2017 Kidney Meeting Report: Revised diagnostic criteria for chronic active T cell-
mediated rejection, antibody-mediated rejection, and prospects for integrative
endpoints for next-generation clinical trials. Am J Transplant. 2018;18(2):293-307.

27. Morozumi K, Takeda A, Otsuka Y, Horike K, Gotoh N, Narumi S, et al.
Reviewing the pathogenesis of antibody-mediated rejection and renal graft pathology
after kidney transplantation. Nephrology (Carlton). 2016;21 Suppl 1:4-8.

28. Haas M, Mirocha J, Reinsmoen NL, Vo AA, Choi J, Kahwaji JM, et al.
Differences in pathologic features and graft outcomes in antibody-mediated rejection of
renal allografts due to persistent/recurrent versus de novo donor-specific antibodies.
Kidney Int. 2017;91(3):729-37.

29. Aubert O, Loupy A, Hidalgo L, Duong van Huyen JP, Higgins S, Viglietti D, et al.
Antibody-Mediated Rejection Due to Preexisting versus. J Am Soc Nephrol.
2017;28(6):1912-23.

30. Lopes D, Barra T, Malheiro J, Tafulo S, Martins L, Almeida M, et al. Effect of
Different Sensitization Events on HLA Alloimmunization in Kidney Transplantation
Candidates. Transplant Proc. 2015;47(4):894-7.

31. Kumar D, Campbell P, Humar A. Donor-specific alloantibody upregulation after
influenza vaccination in transplant recipients. Am J Transplant. 2011;11(11):2538;
author's reply 9-40.

32. Katerinis |, Hadaya K, Duquesnoy R, Ferrari-Lacraz S, Meier S, van Delden C,
et al. De novo anti-HLA antibody after pandemic HIN1 and seasonal influenza
immunization in kidney transplant recipients. Am J Transplant. 2011;11(8):1727-33.

33. Marino L, Alberd J, Morales-Buenrostro LE. Influenza Immunization and the
Generation of Anti-HLA and Anti-MICA Antibodies in Patients with Renal Failure and in
Kidney Transplant Recipients. Clin Transpl. 2016;32:161-71.

34. D'Orsogna L, van den Heuvel H, van Kooten C, Heidt S, Claas FHJ. Infectious
pathogens may trigger specific allo-HLA reactivity via multiple mechanisms.
Immunogenetics. 2017;69(8-9):631-41.

35. Askar M, Hsich E, Reville P, Nowacki AS, Baldwin W, Bakdash S, et al. HLA
and MICA allosensitization patterns among patients supported by ventricular assist
devices. J Heart Lung Transplant. 2013;32(12):1241-8.

36. Gombos P, Opelz G, Scherer S, Morath C, Zeier M, Schemmer P, et al.
Influence of test technique on sensitization status of patients on the kidney transplant
waiting list. Am J Transplant. 2013;13(8):2075-82.

86



References

37. TERASAKI Pl, MCCLELLAND JD. MICRODROPLET ASSAY OF HUMAN
SERUM CYTOTOXINS. Nature. 1964;204:998-1000.

38. Reis ES, Mastellos DC, Ricklin D, Mantovani A, Lambris JD. Complement in
cancer: untangling an intricate relationship. Nat Rev Immunol. 2018;18(1):5-18.

39. Patel R, Terasaki Pl. Significance of the positive crossmatch test in kidney
transplantation. N Engl J Med. 1969;280(14):735-9.

40. Ross J, Dickerson T, Perkins HA. Two techniques to make the lymphocytotoxic
crossmatch more sensitive: prolonged incubation and the antiglobulin test. Tissue
Antigens. 1975;6(3):129-36.

41. Amos DB, Bashir H, Boyle W, MacQueen M, Tiilikainen A. A simple micro
cytotoxicity test. Transplantation. 1969;7(3):220-3.

42, Johnson AH, Rossen RD, Butler WT. Detection of alloantibodies using a
sensitive antiglobulin microcytotoxicity test: identification of low levels of pre-formed
antibodies in accelerated allograft rejection. Tissue Antigens. 1972;2(3):215-26.

43. Fuller TC, Cosimi AB, Russell PS. Use of an antiglobulin-ATG reagent for
detection of low levels of alloantibody-improvement of allograft survival in presensitized
recipients. Transplant Proc. 1978;10(2):463-6.

44. Tellis VA, Matas AJ, Senitzer D, Louis P, Glicklich D, Soberman R, et al.
Successful transplantation after conversion of a positive crossmatch to negative by
dissociation of IgM antibody. Transplantation. 1989;47(1):127-9.

45. Barger B, Shroyer TW, Hudson SL, Deierhoi MH, Barber WH, Curtis JJ, et al.
Successful renal allografts in recipients with crossmatch-positive, dithioerythritol-
treated negative sera. Race, transplant history, and HLA-DR1 phenotype.
Transplantation. 1989;47(2):240-5.

46. Cross DE, Greiner R, Whittier FC. Importance of the autocontrol crossmatch in
human renal transplantation. Transplantation. 1976;21(4):307-11.

47. Terasaki PI, Kreisler M, Mickey RM. Presensitization and kidney transplant
failures. Postgrad Med J. 1971;47(544):89-100.

48. El-Awar N, Lee J, Terasaki Pl. HLA antibody identification with single antigen
beads compared to conventional methods. Hum Immunol. 2005;66(9):989-97.

49. Saito PK, Yamakawa RH, Pereira LC, da Silva WV, Borelli SD. Complement-
dependent cytotoxicity (CDC) to detect Anti-HLA antibodies: old but gold. J Clin Lab
Anal. 2014;28(4):275-80.

50. Garovoy M, Rheinschmidt M, Bigos M, Perkins H, Colombe B, Feduska N, et al.
Flow cytometry analysis: a high tecnhology crossmatch tecnhique facilitating
transplantation. Transplantation Proceedings; 1983. p. 1939-44.

51. Bray RA, Lebeck LK, Gebel HM. The flow cytometric crossmatch. Dual-color
analysis of T cell and B cell reactivities. Transplantation. 1989;48(5):834-40.

52. Robson A, Martin S. T and B cell crossmatching using three-colour flow
cytometry. Transplant Immunology1996. p. 203-8.

53. Lobo PI, Spencer CE, Stevenson WC, McCullough C, Pruett TL. The use of
pronase-digested human leukocytes to improve specificity of the flow cytometric
crossmatch. Transpl Int. 1995;8(6):472-80.

54. Alheim M, Wennberg L, Wikstrom AC. Pronase independent flow cytometry
crossmatching of rituximab treated patients. Hum Immunol. 2017.

55. Liwski RS, Greenshields AL, Conrad DM, Murphey C, Bray RA, Neumann J, et
al. Rapid optimized flow cytometric crossmatch (FCXM) assays: The Halifax and
Halifaster protocols. Hum Immunol. 2017.

87



References

56. Karpinski M, Rush D, Jeffery J, Exner M, Regele H, Dancea S, et al. Flow
cytometric crossmatching in primary renal transplant recipients with a negative anti-
human globulin enhanced cytotoxicity crossmatch. J Am Soc Nephrol.
2001;12(12):2807-14.

57. Gebel HM, Bray RA, Nickerson P. Pre-transplant assessment of donor-reactive,
HLA-specific antibodies in renal transplantation: contraindication vs. risk. Am J
Transplant. 2003;3(12):1488-500.

58. Graff RJ, Buchanan PM, Dzebisashvili N, Schnitzler MA, Tuttle-Newhall J, Xiao
H, et al. The clinical importance of flow cytometry crossmatch in the context of CDC
crossmatch results. Transplant Proc. 2010;42(9):3471-4.

59. Buelow R, Mercier |, Glanville L, Regan J, Ellingson L, Janda G, et al. Detection
of panel-reactive anti-HLA class | antibodies by enzyme-linked immunosorbent assay
or lymphocytotoxicity. Results of a blinded, controlled multicenter study. Hum Immunol.
1995;44(1):1-11.

60. Pei R, Wang G, Tarsitani C, Rojo S, Chen T, Takemura S, et al. Simultaneous
HLA Class | and Class Il antibodies screening with flow cytometry. Hum Immunol.
1998;59(5):313-22.

61. Pei R, Lee J, Chen T, Rojo S, Terasaki Pl. Flow cytometric detection of HLA
antibodies using a spectrum of microbeads. Hum Immunol. 1999;60(12):1293-302.

62. Pei R, Lee JH, Shih NJ, Chen M, Terasaki Pl. Single human leukocyte antigen
flow cytometry beads for accurate identification of human leukocyte antigen antibody
specificities. Transplantation. 2003;75(1):43-9.

63. Lefaucheur C, Loupy A, Hill GS, Andrade J, Nochy D, Antoine C, et al.
Preexisting donor-specific HLA antibodies predict outcome in kidney transplantation. J
Am Soc Nephrol. 2010;21(8):1398-406.

64. Otten HG, Verhaar MC, Borst HP, Hené RJ, van Zuilen AD. Pretransplant
donor-specific HLA class-I and -IlI antibodies are associated with an increased risk for
kidney graft failure. Am J Transplant. 2012;12(6):1618-23.

65. Malheiro J, Tafulo S, Dias L, Martins LS, Fonseca |, Beirdo I, et al. Analysis of
preformed donor-specific anti-HLA antibodies characteristics for prediction of antibody-
mediated rejection in kidney transplantation. Transpl Immunol. 2015;32(2):66-71.

66. Tait BD, Susal C, Gebel HM, Nickerson PW, Zachary AA, Claas FH, et al.
Consensus guidelines on the testing and clinical management issues associated with
HLA and non-HLA antibodies in transplantation. Transplantation. 2013;95(1):19-47.

67. Morales-Buenrostro LE, Terasaki Pl, Marino-Vazquez LA, Lee JH, EI-Awar N,
Albert J. "Natural" human leukocyte antigen antibodies found in nonalloimmunized
healthy males. Transplantation. 2008;86(8):1111-5.

68. Visentin J, Guidicelli G, Moreau JF, Lee JH, Taupin JL. Deciphering allogeneic
antibody response against native and denatured HLA epitopes in organ transplantation.
Eur J Immunol. 2015;45(7):2111-21.

69. Otten HG, Verhaar MC, Borst HP, van Eck M, van Ginkel WG, Hené RJ, et al.
The significance of pretransplant donor-specific antibodies reactive with intact or
denatured human leucocyte antigen in kidney transplantation. Clin Exp Immunol.
2013;173(3):536-43.

70. Visentin J, Marroc M, Guidicelli G, Bachelet T, Nong T, Moreau JF, et al.
Clinical impact of preformed donor-specific denatured class | HLA antibodies after
kidney transplantation. Clin Transplant. 2015;29(5):393-402.

88



References

71. Konvalinka A, Tinckam K. Utility of HLA Antibody Testing in Kidney
Transplantation. J Am Soc Nephrol. 2015;26(7):1489-502.

72. Masson E, Devillard N, Chabod J, Yannaraki M, Thevenin C, Tiberghien P, et
al. Misleading de novo detection of serum anti-HLA-A3 antibodies in kidney recipients
having received ATG before transplantation. Hum Immunol. 2010;71(2):170-5.

73. Bosch A, Llorente S, Diaz JA, Salgado G, Lépez M, Boix F, et al. Low median
fluorescence intensity could be a nonsafety concept of immunologic risk evaluation in
patients with shared molecular eplets in kidney transplantation. Hum Immunol.
2012;73(5):522-5.

74. Mongkolsuk T, Ingsathit A, Worawichawong S, Jirasiritham S, Kitpoka P,
Thammanichanond D. Shared molecular eplet stimulates acute antibody-mediated
rejection in a kidney transplant recipient with low-level donor-specific antibodies: a case
report. Transplant Proc. 2014,46(2):644-7.

75. Garcia-Sanchez C, Usenko CY, Herrera ND, Tambur AR. The shared epitope
phenomenon-A potential impediment to virtual crossmatch accuracy. Clin Transplant.
2020;34(8):e13906.

76. Chen G, Sequeira F, Tyan DB. Novel Clq assay reveals a clinically relevant
subset of human leukocyte antigen antibodies independent of immunoglobulin G
strength on single antigen beads. Hum Immunol. 2011;72(10):849-58.

77. Sicard A, Ducreux S, Rabeyrin M, Couzi L, McGregor B, Badet L, et al.
Detection of C3d-binding donor-specific anti-HLA antibodies at diagnosis of humoral
rejection predicts renal graft loss. J Am Soc Nephrol. 2015;26(2):457-67.

78. Crespo M, Torio A, Mas V, Redondo D, Pérez-Sdez MJ, Mir M, et al. Clinical
relevance of pretransplant anti-HLA donor-specific antibodies: does Clg-fixation
matter? Transpl Immunol. 2013;29(1-4):28-33.

79. Wiebe C, Gareau AJ, Pochinco D, Gibson IW, Ho J, Birk PE, et al. Evaluation of
Clq Status and Titer of De Novo Donor-Specific Antibodies as Predictors of Allograft
Survival. Am J Transplant. 2017;17(3):703-11.

80. Malheiro J, Tafulo S, Dias L, Martins S, Fonseca |, Beirdo I, et al. Determining
donor-specific antibody C1g-binding ability improves the prediction of antibody-
mediated rejection in human leucocyte antigen-incompatible kidney transplantation.
Transpl Int. 2017;30(4):347-59.

81. Tambur AR, Herrera ND, Haarberg KM, Cusick MF, Gordon RA, Leventhal JR,
et al. Assessing Antibody Strength: Comparison of MFI, C1q, and Titer Information. Am
J Transplant. 2015;15(9):2421-30.

82. Karahan GE, Claas FHJ, Heidt S. Technical challenges and clinical relevance of
single antigen bead C1q/C3d testing and IgG subclass analysis of human leukocyte
antigen antibodies. Transpl Int. 2018;31(11):1189-97.

83. Honger G, Hopfer H, Arnold ML, Spriewald BM, Schaub S, Amico P.
Pretransplant IgG subclasses of donor-specific human leukocyte antigen antibodies
and development of antibody-mediated rejection. Transplantation. 2011;92(1):41-7.

84. Lowe D, Higgins R, Zehnder D, Briggs DC. Significant IgG subclass
heterogeneity in HLA-specific antibodies: Implications for pathogenicity, prognosis, and
the rejection response. Hum Immunol. 2013;74(5):666-72.

85. Lefaucheur C, Viglietti D, Bentlejewski C, Duong van Huyen JP, Vernerey D,
Aubert O, et al. IgG Donor-Specific Anti-Human HLA Antibody Subclasses and Kidney
Allograft Antibody-Mediated Injury. J Am Soc Nephrol. 2016;27(1):293-304.

89



References

86. Cecka JM. Calculated PRA (CPRA): the new measure of sensitization for
transplant candidates. Am J Transplant. 2010;10(1):26-9.

87. Cecka JM, Kucheryavaya AY, Reinsmoen NL, Leffell MS. Calculated PRA:
initial results show benefits for sensitized patients and a reduction in positive
crossmatches. Am J Transplant. 2011;11(4):719-24.

88. Sisal C, Morath C. Virtual PRA replaces traditional PRA: small change but
significantly more justice for sensitized patients. Transpl Int. 2015;28(6):708-9.

89. Baxter-Lowe LA, Kucheryavaya A, Tyan D, Reinsmoen N. CPRA for allocation
of kidneys in the US: More candidates 298% CPRA, lower positive crossmatch rates
and improved transplant rates for sensitized patients. Hum Immunol. 2016;77(5):395-
402.

90. Shrestha S, Bradbury L, Boal M, Blackmur JP, Watson CJ, Taylor CJ, et al.
Logistical Factors Influencing Cold Ischemia Times in Deceased Donor Kidney
Transplants. Transplantation. 2016;100(2):422-8.

91. Eby BC, Redfield RR, Ellis TM, Leverson GE, Schenian AR, Odorico JS. Virtual
HLA Crossmatching as a Means to Safely Expedite Transplantation of Imported
Pancreata. Transplantation. 2016;100(5):1103-10.

92. VAN ROOD JJ, VAN LEEUWEN A, EERNISSE JG, FREDERIKS E, BOSCH
LJ. RELATIONSHIP OF LEUKOCYTE GROUPS TO TISSUE TRANSPLANTATION
COMPATIBILITY. Ann N Y Acad Sci. 1964;120:285-98.

93. Gaston RS, Cecka JM, Kasiske BL, Fieberg AM, Leduc R, Cosio FC, et al.
Evidence for antibody-mediated injury as a major determinant of late kidney allograft
failure. Transplantation. 2010;90(1):68-74.

94, Lim WH, Chadban SJ, Clayton P, Budgeon CA, Murray K, Campbell SB, et al.
Human leukocyte antigen mismatches associated with increased risk of rejection, graft
failure, and death independent of initial immunosuppression in renal transplant
recipients. Clin Transplant. 2012;26(4):E428-37.

95. Williams RC, Opelz G, McGarvey CJ, Weil EJ, Chakkera HA. The Risk of
Transplant Failure With HLA Mismatch in First Adult Kidney Allografts From Deceased
Donors. Transplantation. 2016;100(5):1094-102.

96. Williams RC, Opelz G, Weil EJ, McGarvey CJ, Chakkera HA. The Risk of
Transplant Failure With HLA Mismatch in First Adult Kidney Allografts 2: Living Donors,
Summary, Guide. Transplant Direct. 2017;3(5):e152.

97. Sisal C, Opelz G. Current role of human leukocyte antigen matching in kidney
transplantation. Curr Opin Organ Transplant. 2013;18(4):438-44.

98. Heinold A, Opelz G, Déhler B, Unterrainer C, Scherer S, Ruhenstroth A, et al.
Deleterious impact of HLA-DRB1 allele mismatch in sensitized recipients of kidney
retransplants. Transplantation. 2013;95(1):137-41.

99. Gaston RS, Ayres |, Dooley LG, Diethelm AG. Racial equity in renal
transplantation. The disparate impact of HLA-based allocation. JAMA.
1993;270(11):1352-6.

100. Gadegbeku C, Freeman M, Agodoa L. Racial disparities in renal replacement
therapy. J Natl Med Assoc. 2002;94(8 Suppl):45S-54S.

101. Rodey GE, Fuller TC. Public epitopes and the antigenic structure of the HLA
molecules. Crit Rev Immunol. 1987;7(3):229-67.

102. Starzl TE, Eliasziw M, Gjertson D, Terasaki PI, Fung JJ, Trucco M, et al. HLA
and cross-reactive antigen group matching for cadaver kidney allocation.
Transplantation. 1997;64(7):983-91.

90



References

103. Crowe DO. The effect of cross-reactive epitope group matching on allocation
and sensitization. Clin Transplant. 2003;17 Suppl 9:13-6.

104. Laux G, Opelz G. Immunological relevance of CREG matching in cadaver
kidney transplantation. Transplantation. 2004;78(3):442-6.

105. Stobbe I, van der Meer-Prins EM, de Lange P, Oudshoorn M, De Meester J,
Doxiadis IlI, et al. Cross-reactive group matching does not lead to a better allocation
and survival of donor kidneys. Transplantation. 2000;70(1):157-61.

106. Nainani N, Singh N, Shanahan T, Damodar A, Parimoo N, Ummadi S, et al.
Cross Reactive Epitope Group antibodies in sensitized kidneys transplant recipients
was associated with early acute Antibody Mediated Rejection. Transpl Immunol.
2009;20(3):113-7.

107. Claas FH, Dankers MK, Oudshoorn M, van Rood JJ, Mulder A, Roelen DL, et
al. Differential immunogenicity of HLA mismatches in clinical transplantation. Transpl
Immunol. 2005;14(3-4):187-91.

108. Kramer CSM, lIsraeli M, Mulder A, Doxiadis IIN, Haasnoot GW, Heidt S, et al.
The long and winding road towards epitope matching in clinical transplantation. Transpl
Int. 2019;32(1):16-24.

109. Duquesnoy RJ. HLAMatchmaker: a molecularly based algorithm for
histocompatibility determination. |. Description of the algorithm. Hum Immunol.
2002;63(5):339-52.

110. Duquesnoy RJ. A structurally based approach to determine HLA compatibility at
the humoral immune level. Hum Immunol. 2006;67(11):847-62.

111. El-Awar N, Cook D, Terasaki Pl. HLA class | epitopes: A and B loci. Clin
Transpl. 2006:79-94.

112. Duquesnoy RJ, Marrari M. Correlations between Terasaki's HLA class |
epitopes and HLAMatchmaker-defined eplets on HLA-A, -B and -C antigens. Tissue
Antigens. 2009;74(2):117-33.

113. Ponomarenko J, Bui HH, Li W, Fusseder N, Bourne PE, Sette A, et al. ElliPro: a
new structure-based tool for the prediction of antibody epitopes. BMC Bioinformatics.
2008;9:514.

114. Duquesnoy RJ, Marrari M. Usefulness of the ElliPro epitope predictor program
in defining the repertoire of HLA-ABC eplets. Hum Immunol. 2017;78(7-8):481-8.

115. Tafulo S, Malheiro J, Dias L, Lobato L, Ramalhete L, Martinho A, et al.
Improving HLA matching in living donor kidney transplantation using kidney paired
exchange program. Transpl Immunol. 2020:101317.

116. Olerup O, Zetterquist H. HLA-DRB1*01 subtyping by allele-specific PCR
amplification: a sensitive, specific and rapid technique. Tissue Antigens.
1991;37(5):197-204.

117. Olerup O, Zetterquist H. HLA-DR typing by PCR amplification with sequence-
specific primers (PCR-SSP) in 2 hours: an alternative to serological DR typing in
clinical practice including donor-recipient matching in cadaveric transplantation. Tissue
Antigens. 1992;39(5):225-35.

118. Dehn J, Setterholm M, Buck K, Kempenich J, Beduhn B, Gragert L, et al.
HapLogic: A Predictive Human Leukocyte Antigen-Matching Algorithm to Enhance
Rapid Identification of the Optimal Unrelated Hematopoietic Stem Cell Sources for
Transplantation. Biol Blood Marrow Transplant. 2016;22(11):2038-46.

119. Bochtler W, Gragert L, Patel ZI, Robinson J, Steiner D, Hofmann JA, et al. A
comparative reference study for the validation of HLA-matching algorithms in the

91



References

search for allogeneic hematopoietic stem cell donors and cord blood units. HLA.
2016;87(6):439-48.

120. Levey AS, Coresh J, Greene T, Stevens LA, Zhang YL, Hendriksen S, et al.
Using standardized serum creatinine values in the modification of diet in renal disease
study equation for estimating glomerular filtration rate. Ann Intern Med.
2006;145(4):247-54.

121. Keith DS, Vranic GM. Approach to the Highly Sensitized Kidney Transplant
Candidate. Clin J Am Soc Nephrol. 2016;11(4):684-93.

122. Carney EF. The impact of chronic kidney disease on global health. Nat Rev
Nephrol. 2020;16(5):251.

123. Tonelli M, Wiebe N, Knoll G, Bello A, Browne S, Jadhav D, et al. Systematic
review: kidney transplantation compared with dialysis in clinically relevant outcomes.
Am J Transplant. 2011;11(10):2093-109.

124. Sutcliffe BK, Bennett PN, Fraser SF, Mohebbi M. The deterioration in physical
function of hemodialysis patients. Hemodial Int. 2018;22(2):245-53.

125. Tafulo S, Malheiro J, Dias L, Mendes C, Oso¢rio E, Martins LS, et al. Low
transplantability of 0 blood group and highly sensitized candidates in the Portuguese
kidney allocation algorithm: quantifying an old problem in search of new solutions. HLA.
2016;88(5):232-8.

126. Ellis TM, Schiller JJ, Roza AM, Cronin DC, Shames BD, Johnson CP.
Diagnostic accuracy of solid phase HLA antibody assays for prediction of crossmatch
strength. Hum Immunol. 2012;73(7):706-10.

127. Marfo K, Ajaimy M, Colovai A, Kayler L, Greenstein S, Lubetzky M, et al.
Pretransplant immunologic risk assessment of kidney transplant recipients with donor-
specific anti-human leukocyte antigen antibodies. Transplantation. 2014;98(10):1082-8.
128. McCaughan J, Xu Q, Tinckam K. Detecting donor-specific antibodies: the
importance of sorting the wheat from the chaff. Hepatobiliary Surg Nutr. 2019;8(1):37-
52.

129. Aubert V, Venetz JP, Pantaleo G, Pascual M. Low levels of human leukocyte
antigen donor-specific antibodies detected by solid phase assay before transplantation
are frequently clinically irrelevant. Hum Immunol. 2009;70(8):580-3.

130. Liwski RS, Greenshields AL, Bray RA, Gebel HM. Becoming a chef in the
human leukocyte antigen kitchen: interpretation and modification of human leukocyte
antigen-antibody assays. Curr Opin Organ Transplant. 2017;22(4):407-14.

131. Tafulo S, Malheiro J, Dias L, Almeida M, Martins S, Pedroso S, et al. Eplet-
based virtual PRA increases transplant probability in highly-sensitized patients. Transpl
Immunol. 2021:101362.

132. Ahmed K, Ahmad N, Khan MS, Koffman G, Calder F, Taylor J, et al. Influence
of number of retransplants on renal graft outcome. Transplant Proc. 2008;40(5):1349-
52.

133. Loupy A, Lefaucheur C, Vernerey D, Prugger C, Duong van Huyen JP, Mooney
N, et al. Complement-binding anti-HLA antibodies and kidney-allograft survival. N Engl
J Med. 2013;369(13):1215-26.

134. Bir6 P, Haase-Kromwijk B, Andersson T, Asgeirsson El, Baltesova T, Boletis |,
et al. Building Kidney Exchange Programmes in Europe-An Overview of Exchange
Practice and Activities. Transplantation. 2019;103(7):1514-22.

92



References

135. Montgomery RA, Lonze BE, King KE, Kraus ES, Kucirka LM, Locke JE, et al.
Desensitization in HLA-incompatible kidney recipients and survival. N Engl J Med.
2011;365(4):318-26.

136. Gentry SE, Segev DL, Simmerling M, Montgomery RA. Expanding kidney
paired donation through participation by compatible pairs. Am J Transplant.
2007;7(10):2361-70.

137. Kute VB, Vanikar AV, Gumber MR, Shah PR, Patel HV, Engineer DP, et al.
Successful three-way kidney paired donation with compatible pairs to increase donor
pool. Ren Fail. 2014;36(3):447-50.

138. Glander P, Budde K, Schmidt D, Fuller TF, Giessing M, Neumayer HH, et al.
The 'blood group O problem' in kidney transplantation--time to change? Nephrol Dial
Transplant. 2010;25(6):1998-2004.

139. Roodnat JI, van de Wetering J, Claas FH, ljzermans J, Weimar W. Persistently
low transplantation rate of ABO blood type O and highly sensitised patients despite
alternative transplantation programs. Transpl Int. 2012;25(9):987-93.

140. Ferrari P, Hughes PD, Cohney SJ, Woodroffe C, Fidler S, D'Orsogna L. ABO-
incompatible matching significantly enhances transplant rates in kidney paired
donation. Transplantation. 2013;96(9):821-6.

141. Ferrari P, Cantwell L, Ta J, Woodroffe C, D’Orsogna L, Holdsworth R. Providing
Better-Matched Donors for HLA Mismatched Compatible Pairs Through Kidney Paired
Donation. Transplantation. 2017;101(3):642-8.

142. Gill JS, Tinckam K, Fortin MC, Rose C, Shick-Makaroff K, Young K, et al.
Reciprocity to Increase Participation of Compatible Living Donor and Recipient Pairs in
Kidney Paired Donation. Am J Transplant. 2017;17(7):1723-8.

143. McGee J, Magnus JH, Islam TM, Jaffe BM, Zhang R, Florman SS, et al. Donor-
recipient gender and size mismatch affects graft success after kidney transplantation. J
Am Coll Surg. 2010;210(5):718-25.e1, 25-6.

144. Veroux M, Grosso G, Corona D, Mistretta A, Giaquinta A, Giuffrida G, et al. Age
is an important predictor of kidney transplantation outcome. Nephrol Dial Transplant.
2012;27(4):1663-71.

145. Fortin MC. Is it ethical to invite compatible pairs to participate in exchange
programmes? J Med Ethics. 2013;39(12):743-7.

146. Fortin MC, Dion-Labrie M, Hébert MJ, Doucet H. The enigmatic nature of
altruism in organ transplantation: a cross-cultural study of transplant physicians' views
on altruism. BMC Res Notes. 2010;3:216.

147. Kranenburg LW, Zuidema W, Weimar W, Passchier J, Hilhorst M, de Klerk M, et
al. One donor, two transplants: willingness to participate in altruistically unbalanced
exchange donation. Transpl Int. 2006;19(12):995-9.

148. Ratner LE, Rana A, Ratner ER, Ernst V, Kelly J, Kornfeld D, et al. The altruistic
unbalanced paired kidney exchange: proof of concept and survey of potential donor
and recipient attitudes. Transplantation. 2010;89(1):15-22.

149. Loupy A, Hill GS, Jordan SC. The impact of donor-specific anti-HLA antibodies
on late kidney allograft failure. Nat Rev Nephrol. 2012;8(6):348-57.

150. Castro A, Malheiro J, Tafulo S, Dias L, Martins LS, Fonseca I, et al. Role of de
novo donor-specific anti-HLA antibodies in kidney graft failure: A case-control study.
HLA. 2017;90(5):267-75.

151. Gebel HM, Bray RA. HLA antibody detection with solid phase assays: great
expectations or expectations too great? Am J Transplant. 2014;14(9):1964-75.

93



References

152. Lomago J, Jelenik L, Zern D, Howe J, Martell J, Zeevi A, et al. How did a patient
who types for HLA-B*4403 develop antibodies that react with HLA-B*4402? Hum
Immunol. 2010;71(2):176-8.

153. Willicombe M, Brookes P, Sergeant R, Santos-Nunez E, Steggar C, Galliford J,
et al. De novo DQ donor-specific antibodies are associated with a significant risk of
antibody-mediated rejection and transplant glomerulopathy. Transplantation.
2012;94(2):172-7.

154. DeVos JM, Gaber AO, Knight RJ, Land GA, Suki WN, Gaber LW, et al. Donor-
specific HLA-DQ antibodies may contribute to poor graft outcome after renal
transplantation. Kidney Int. 2012;82(5):598-604.

155. Deng CT, El-Awar N, Ozawa M, Cai J, Lachmann N, Terasaki Pl. Human
leukocyte antigen class Il DQ alpha and beta epitopes identified from sera of kidney
allograft recipients. Transplantation. 2008;86(3):452-9.

156. Wiebe C, Pochinco D, Blydt-Hansen TD, Ho J, Birk PE, Karpinski M, et al.
Class Il HLA epitope matching-A strategy to minimize de novo donor-specific antibody
development and improve outcomes. Am J Transplant. 2013;13(12):3114-22.

157. Tafulo S, Malheiro J, Santos S, Dias L, Almeida M, Martins S, et al. Degree of
HLA class Il eplet mismatch load improves prediction of antibody-mediated rejection in
living donor kidney transplantation. Hum Immunol. 2019;80(12):966-75.

158. Tafulo S, Malheiro J, Santos S, Dias L, Almeida M, Martins S, et al. HLA class Il
eplet mismatch load improves prediction of dnDSA development after living donor
kidney transplantation. Int J Immunogenet. 2021;48(1):1-7.

159. Fidler S, D'Orsogna L, Irish AB, Lewis JR, Wong G, Lim WH. Correlation and
agreement between eplet mismatches calculated using serological, low-intermediate
and high resolution molecular human leukocyte antigen typing methods. Oncotarget.
2018;9(17):13116-24.

160. Duquesnoy RJ. Are We Ready for Epitope-Based HLA Matching in Clinical
Organ Transplantation? Transplantation. 2017;101(8):1755-65.

161. Duquesnoy RJ. Should epitope-based HLA compatibility be used in the kidney
allocation system? Hum Immunol. 2017;78(1):24-9.

162. Snanoudj R, Kamar N, Cassuto E, Caillard S, Metzger M, Merville P, et al.
Epitope load identifies kidney transplant recipients at risk of allosensitization following
minimization of immunosuppression. Kidney Int. 2019;95(6):1471-85.

163. Kosmoliaptsis V, Chaudhry AN, Sharples LD, Halsall DJ, Dafforn TR, Bradley
JA, et al. Predicting HLA class | alloantigen immunogenicity from the number and
physiochemical properties of amino acid polymorphisms. Transplantation.
2009;88(6):791-8.

164. Kosmoliaptsis V, Sharples LD, Chaudhry AN, Halsall DJ, Bradley JA, Taylor CJ.
Predicting HLA class Il alloantigen immunogenicity from the number and
physiochemical properties of amino acid polymorphisms. Transplantation.
2011;91(2):183-90.

165. Kosmoliaptsis V, Sharples LD, Chaudhry A, Johnson RJ, Fuggle SV, Halsall DJ,
et al. HLA class | amino acid sequence-based matching after interlocus subtraction and
long-term outcome after deceased donor kidney transplantation. Hum Immunol.
2010;71(9):851-6.

166. Mallon DH, Bradley JA, Taylor CJ, Kosmoliaptsis V. Structural and electrostatic
analysis of HLA B-cell epitopes: inference on immunogenicity and prediction of humoral
alloresponses. Curr Opin Organ Transplant. 2014;19(4):420-7.

94



References

167. Bekbolsynov D, Mierzejewska B, Borucka J, Liwski RS, Greenshields AL,
Breidenbach J, et al. Low Hydrophobic Mismatch Scores Calculated for HLA-
A/B/DR/DQ Loci Improve Kidney Allograft Survival. Front Immunol. 2020;11:580752.
168. Geneugeliik K, Wissing J, Koppenaal D, Niemann M, Spierings E.
Computational Approaches to Facilitate Epitope-Based HLA Matching in Solid Organ
Transplantation. J Immunol Res. 2017;2017:9130879.

169. Geneugelijk K, Honger G, van Deutekom HW, Thus KA, Kesmir C, Hosli |, et al.
Predicted Indirectly Recognizable HLA Epitopes Presented by HLA-DRB1 Are Related
to HLA Antibody Formation During Pregnancy. Am J Transplant. 2015;15(12):3112-22.
170. 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.

95



96



CHAPTER VIII - APPENDIX

97



Appendix 1

Low transplantability of O blood group and highly sensitized candidates in the
Portuguese kidney allocation algorithm: quantifying an old problem in search of
new solutions.

Tafulo S et al. HLA, Nov; 88(5): 232-238
https://doi.org/10.1111/tan.12895
Printed with permission, © 2016 John Wiley & Sons, license number 4850650157691



HLA

Immune Response Genetics

HLA ISSN 2059-2302

Low transplantability of 0 blood group and highly sensitized
candidates in the Portuguese kidney allocation algorithm:
quantifying an old problem in search of new solutions

S. Tafulo?, J. Malheiro?, L. Dias?, C. Mendes', E. Osério?, L. S. Martins2, J. Santos?, S. Pedroso?,
M. Almeida? & A. Castro-Henriques?

1 Oporto Blood and Transplantation Center, Instituto Portugués do Sangue e da Transplantacéo, Porto, Portugal
2 Nephrology and Kidney Transplantation Department, Centro Hospitalar do Porto, Hospital de Santo Anténio, Porto, Portugal

Key words

blood groups; calculated PRA;
hypersensitized patients; kidney
transplantation; waiting list

Correspondence

Sandra Tafulo, MD

Oporto Blood and Transplantation Center
Instituto Portugués do Sangue e da
Transplantacao

Porto

Portugal

Tel: +351 225 573 470

Fax: +351 225 501 101

e-mail: sandra.tafulo@ipst.min-saude.pt

Received 4 July 2016; revised 16 August
2016; accepted 24 August 2016

doi: 10.1111/tan.12895

Abstract

The impact of patient’s biological differences in waiting time for kidney transplantation
is well known and has been a subject of extensive debate and struggle in transplantation
community. Our purpose was to evaluate patient’s access to kidney transplantation in
Portugal, regarding their degree of allosensitization and blood type. A retrospective
cohort study including 1020 candidates for kidney transplantation between 01 January
2010 and 31 December 2011 in transplant unit Centro Hospitalar do Porto was
performed. The deceased donor organ offer by blood type decreased with the calculated
panel reactive antibody (cPRA) increase for A and B blood groups candidates, while in
0 blood group candidates, a significant reduction in organ offer was only observable
in hypersensitized (HS) ones. As a consequence, the median waiting time was also
significantly higher in 0 blood group patients, when compared to the remaining
groups. However, waiting time increased extensively with cPRA regardless blood type,
especially HS patients with increases of 368%, 632%, 486%, and 140% for blood groups
A, B, AB, and 0, respectively, when compared to each blood group global median
waiting time. Our study shows that important measures need to be undertaken in order
to mitigate the huge disadvantage that HS and 0 blood type patients naturally have.

Introduction

Kidney transplantation is undoubtedly the best replacement
therapy for eligible patients with end-stage renal disease
(ESRD) when compared to maintenance on dialysis (1-3),
improving quality of life in a cost-effective manner. Unfortu-
nately, the scarcity of kidney grafts procured from deceased
donors (DD) does not respond to the increasing number of
ESRD patients on the transplant waiting list. To offset this
tendency, a number of strategies have been used worldwide
to increase the number of kidney transplants, such as organ
procurement in extended criteria (4) and nonheart beating
donors (5), living donation (6), ABO incompatible (ABOi)
transplantation (7), kidney paired donation (KPD) programs
(8, 9), and the more recent concept called longevity matching
(10), which consists of preferential allocation of best qual-
ity organs to wait-list candidates with the longest predictive
survival.

As a scarce good, kidney allocation policies vehemently
seek to distribute grafts fairly and equitably. However, it is
known that patients waiting time for a kidney transplant differs

© 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

according to blood type (11), race (12, 13), gender (14), degree
of human leukocyte antigen (HLA) allosensitization (15) and,
in some countries, also socioeconomically conditions (16).
To achieve balance in kidney grafts distribution, allocation
programs have been evolving (17), minimizing the importance
of HLA matching, benefiting rare HLA phenotypes and HLA
homozygous patients, increasing the emphasis on dialysis wait-
ing time, transplantation between identical ABO blood type
patients, extra points for HLA-sensitized patients, acceptable
mismatch (AM) programs (18), and national allocation priority
for hypersensitized (HS) patients.

In Portugal, DD kidney graft distribution is performed
nationally for pediatric, high urgency, and multiorgans waiting
patients. Besides these specific cases, allocation is regional with
three independent lists: North, Center, and South regions, and it
is done considering ABO iso-groups distribution. The allocation
matching software initially runs a virtual cross-match (vXM),
excluding patients with donor-specific antibodies (DSA) to
HLA-A, -B, and -DRB1 loci, considering 1000 as mean flu-
orescence intensity (MFI) cutoff. The remaining candidates are
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Figure 1 Retrospective study design timeline including 1020 prevalent and incident kidney transplantation candidates between 01 January 2010 and
31 December 2011, with follow-up until 31 December 2014. DD, deceased donor; KT, kidney transplant; LD, living donor.

listed based on a score algorithm attributing points to dialysis
waiting time (0,1 point per month), HLA phenotypic compati-
bility (1—12 points), age proximity between patient—donor pair
(4 points), and pediatric candidates receive additional points
(4 points for candidates with 11-18 years old and 5 points
for patients under 11 years). Moreover, the Portuguese allo-
cation program assigns 4 and 8 extra points for patients with
complement-dependent cytotoxicity (CDC) panel reactive anti-
body (PRA) greater than 50% and 80%, respectively, which
has been proven to underestimate patient allosensitization when
compared to calculated PRA (cPRA) (19, 20). In fact, consider-
ing only CDC-PRA in scoring allocation extra points, leaving
aside cPRA determined with single antigen bead (SAB) assays,
disadvantages HS patients as does the a priori exclusion from
the matching list of candidates based on vXM accessed by SAB
with a low MFI cutoff (>1000) for determining unacceptable
antigens.

As kidney allocation is done according to donor’s blood
type and cPRA percentage determines each candidate chance
of having a negative vXM, a step necessary in order to proceed
in matching process and be tested with cell-based cross-match,
it is of extremely important to determine in what extent different
blood groups and cPRA values impact waiting time for kidney
transplantation.

Living donor (LD) kidney transplantation is gaining expres-
sion and in the last year represented 32.7% (33 of 101) of the
total number of transplantations performed in Centro Hospi-
talar do Porto (CHP) transplantation unit (TRU). To enhance
LD transplantation, a national KPD program was implemented
in 2010 in order to enable transplantation of incompatible
pairs (21, 22). Furthermore, in 2014, CHP TRU also launched
an ABOi program for LD, performed only for nonsensitized
patients, but for the purpose of improving 0 blood type patients
transplant rate.

The aim of this study was to evaluate the difference of
patient’s access to kidney transplantation in Portugal analyzing
data of CHP TRU, considering blood groups and HLA allosen-
sitization status.

Material and methods

Patients

A retrospective cohort study was performed including 1020
prevalent and incident candidates on the waiting list for kidney
transplantation between 01 January 2010 and 31 December
2011 in a singular Portuguese TRU CHP. Demographical,
clinical, and immunological data at the entry of the waiting list
were recorded in incident patients, while for prevalent patients,
the earliest data entry within the study period was chosen. CHP
has the second largest waiting list in the country and performed
an average of 81 kidney transplants with deceased donation per
year, over the past 5 years (2011-2015). Patients may register
in two TRU and are encouraged to do so as this increases their
transplant probability (22). In fact, 890 (87.3%) patients of our
population cohort were registered in two TRU.

Patients were followed until receiving a kidney graft from a
DD (n=629) ora LD (n=48), being removed from the waiting
list by medical decision and/or patient choice (n=138), dying
(n=30), or until 31 December 2014. At the end of follow-up,
175 patients remained on the waiting list. For the overall
description of the cohort, all patients were included (n =1020)
(Figure 1). Then, we excluded patients with a higher prioritiza-
tion on the allocation system (14 patients urgently enlisted and
23 pediatric patients), leaving 987 (4 pediatric patients were
also urgently enlisted) patients for the analysis of deceased
organ offer rate, with time being defined by the period between
patient entry in study and occurrence of one of the outcomes
enunciated or end of follow-up. An organ offer was considered
every time a patient was tested negative for CDC cross-match
assay and sent in the final list to TRU. Finally, to determine
the median waiting time for a kidney transplant from a DD by
blood type and cPRA, we also excluded patients who received
a kidney graft from a living donor, those removed from the
waiting list, or who died during follow-up, with 776 patients
remaining for this analysis, with time being defined between
date of patient admission on the waiting list and date of DD
transplantation or end of follow-up.

© 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Table 1 Characteristics of patient’s cohort by cPRA groups?
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N=1020 cPRA=0% (n=780) 0<cPRA<80% (n=113) cPRA>80% (n=127) P
AgeP 478+13.8 478+11.2 45.8+10.4 0.271
Female candidate 225 (28.8%) 68 (60.2%) 79 (62.2%) <0.001
Previous transplants 49 (6.3%) 49 (43.4%) 82 (64.6%) <0.001

Previous transplant =1 48 (6.2%) 44 (38.9%) 72 (56.7%)

Previous transplants =2 1(0.1%) 5 (4.5%) 10 (79%)
Transfusions >0 276 (35.4%) 62 (54.9%) 79 (62.2%) <0.001
Number of transfusions 2 (2-4) 2 (2-4) 3 (2-5) 0.304
Pregnancies >0 150 (19.2%) 54 (47.8%) 57 (44.9%) <0.001
Number of pregnancies 2 (1-3) 3(2-3) 2 (1-3) 0.158
Any sensitizing event 372 (47.7%) 103 (91.2%) 123 (96.9%) <0.001
Blood type ABO <0.001

A 325 (41.7%) 53 (46.9%) 71 (55.9%)

B 30 (3.8%) 3(2.7%) 10 (7.9%)

AB 16 (2.1%) 1(0.9%) 5 (3.9%)

0 409 (52.4%) 56 (49.6%) 41 (32.3%)
Super-urgent status 10 (1.3%) 1(0.9%) 3(2.4%) 0.446
Outcomes

In active list 92 (11.8%) 31 (274%) 53 (41.7%) <0.001

TR with DD 533 (68.3%) 54 (47.8%) 42 (33.1%) <0.001

TR with LD 44 (5.6%) 2 (1.8%) 2 (1.6%) 0.016

In contraindication list 93 (11.9%) 20 (17.7%) 25 (19.7%) 0.007
Death 19 (2.4%) 6 (5.3%) 5 (3.9%) 0.164
Time in list (months)® 38.8+23.9 48.2+26.9 68.8+42.3 <0.001
Time in cohort (months)® 31.0+£19.5 38.6+21.0 43.0+21.6 <0.001
Time in dialysis (months)® 19.3 (76-39.1) 271 (12.9-69.7) 61.8 (29.8-112.5) <0.001
PRA max%°® 0(0-2) 2 (2-12) 35 (5-69) <0.001
PRA>50% 5(0.9%) 6 (56.5%) 45 (36.0%) <0.001
PRA>80% 1(0.2%) 1(0.9%) 18 (14.4%) <0.001

cPRA, calculated panel reactive antibody; DD, deceased donor; LD, living donor; TR, transplant.

aCategorical data are presented as numbers (frequencies, %).
bContinuous data are presented as mean (+ SD, standard deviation).
¢Continuous data are presented as median (IQR, interquartile range).

PRA determination

Kidney transplantation candidates are tested for HLA anti-
bodies in the initial study with classic cell-based PRA-CDC
and solid-phase assays (SPA). PRA-CDC is determined by
a CDC cross-match assay with 50 mononuclear cells iso-
lated by ficoll-hypaque method, from HLA-A and -B typed
donors. Microscopic visual assessment of cell death percentage
indicates if DSA are present. On the other hand, the SPA
used are based on synthetic microspheres (beads) coated with
HLA antigens. In the initial study, the SPA performed is a
screening test with beads coated with purified HLA class I
and class II antigens, LabScreen mixed assay (LSM12; One
Lambda Inc., Canoga Park, CA). If HLA antibodies are detected
in the screening assay, their specificities are determined by a
SAB assay, Labscreen Single Antigen (One Lambda Inc.). This
assay includes beads with a single recombinant HLA antigen
allowing specificities identification, considering a bead posi-
tive when MFI value is greater than 1000. Data analysis and
cPRA calculation were performed using HLAfusion™ soft-
ware, considering HLA-A, -B, -DRB1 phenotypic frequencies
of 227 Portuguese deceased organ donors. The cPRA value

© 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

considered in the analysis was the last determination for preva-
lent patients and the initial study value for incident patients.

Thereafter, nonsensitized patients are monitored every 3
months with screening SPA only, while HLA-sensitized can-
didates are tested using both PRA-CDC and screening SPA.
Annually, all patients are monitored with PRA-CDC and SAB
assay.

Statistical analysis

Continuous data were described using mean (standard devia-
tion, SD) or median (interquartile range, IQR) and categorical
data were expressed as numbers (frequencies). Categorical data
including demographic, clinical, and immunological features
were compared using Pearson y test or %2 for trend, as appro-
priate. Continuous variables were compared with one-way anal-
ysis of variance (ANOVA) or Kruskal—Wallis, as appropriate.
Deceased organ offer rate was obtained by Poisson log linear
regression considering cPRA groups, stratified by ABO groups.
Median waiting time for a kidney transplant from a DD
by blood type and cPRA was calculated using Kaplan—Meier
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Table 2 Deceased organ offer rate by blood group and cPRA?

S. Tafulo et al.

Mean months/

1 offer/candidate 95% Cl P
Overall (n=987) 6.7 6.3-71 —
Blood type A (n=434) Global 6.0 5.7-6.2 A versus B=0.642

1. cPRA 0% (n=312)

2. cPRA 1%-79% (n=52)

3. cPRA>80% (n=70)
Blood type B (n=40) Global

1. cPRA 0% (n=27)
2.cPRA1%-79% (n=3)
3. cPRA >80% (n=10)
Global

1. cPRA 0% (n=14)

2. cPRA1%-79% (n=1)
3. cPRA >80% (n=5)
Global

1. cPRA 0% (n=398)

2. cPRA 1%-79% (n=56)
3. cPRA>80% (n=39)

Blood type AB (n=20)

Blood type 0 (n=493)

A versus AB=0.404
A versus O=<0.001

4.8 4.6-5.1 1 versus 2=0.001
59 5.3-6.6 1 versus 3=<0.001
15.8 13.7-18.1 2 versus 3=<0.001
5.8 5.0-6.6 B versus AB=0.675
B versus O =<0.001

4.0 3.5-4.7 1 versus 2=0.024
70 3.9-12.7 1 versus 3=<0.001
28.7 16.3-50.5 2 versus 3=0.015
5.5 4.5-6.6 AB versus O =<0.001
4.2 3.3-5.3 1 versus 2=0.704
3.5 1.6-78 1 versus 3=<0.001
9.3 6.4-13.6 2 versus 3=0.133
10.6 10.1-111 —

9.9 9.4-10.4 1 versus 2=0.320
10.6 9.3-12.1 1 versus 3=<0.001
29.8 20.9-38.9 2 versus 3=<0.001

cPRA, calculated panel reactive antibody.
@Data are presented as mean and 95% confidence interval (Cl).

method, with comparison between patients’ groups being done
by log-rank test.

A two-sided P value of <0.05 was considered as statistically
significant. Statistical calculations were performed using SPSS,
version 23.0 (SPSS Inc., Chicago, IL).

Results

In our cohort of 1020 patients waiting for a kidney transplant,
780 (76.5%) are nonsensitized, 113 (11.0%) sensitized, and 127
(12.5%) were highly sensitized, considering cPRA ranges of
0%, 1%—79%, and greater than 80%, respectively. Comparison
of demographical, clinical, and immunological characteristics
across the three groups defined by cPRA is shown in Table 1.
Analyzing patients with higher cPRA values, it was noticeable
that they were predominantly female (P <0.001), had more
sensitizing events (P <0.001), longer dialysis waiting time
(P <0.001), and were less transplanted with DD (P <0.001).
Also noteworthy is that only 14.2% (18 of 127) of the HS
patients had a scoring PRA, accessed by CDC, greater than
80% (Table 1).

The DD organ offer rate according to blood type and cPRA
groups is displayed in Table 2. Overall, there were 4257 organ
offers that represented 1 offer every 6.7 months per candidate.
The DD organ offer rate by blood type tended to decrease with
the increase of cPRA for the candidates of A and B blood
groups. For AB blood type patients, this difference was only
seen in the extreme cPRA values perhaps due to the lower
number of patients in these groups. Curiously, for 0 blood group
patients, no difference on DD organ offer was observed between

nonsensitized and sensitized patients, emphasizing the long
waiting time that even nonsensitized 0 blood group patients
have to face (Table 2).

One hundred and twenty-five patients were evaluated with at
least one kidney LD and 48 (37.5%) were transplanted. LD kid-
ney transplantation was more common in nonsensitized (5.6%)
than in sensitized (1.8%) and HS (1.6%) patients (P =0.016).
Moreover, the ratio between the median number of LD evalu-
ated per LD kidney graft recipients was 1, 1, and 3 in nonsen-
sitized, sensitized, and HS patients, respectively (P =0.009).

The longitudinal analysis (n =776) revealed that the median
waiting time for transplant was greater for 0 blood group
patients (65.3 months), when compared to the remaining blood
types: A (35.1 months), B (22.8 months), and AB (14.5 months)
(Table 3). The waiting time for A blood type patients increased
with cPRA value (P<0.001) as the percentage of patients
transplanted over time was significantly lower. For 0 blood
group patients, this difference was only significant between
nonsensitized patients and the remaining groups (P <0.001),
as showed by the cumulative incidence of kidney transplants.
For blood type B and AB patients, the difference was only
statically significant between nonsensitized and HS (P < 0.001
and P=0.013, respectively).

A multivariable Cox regression model showed that older
patients [hazard ratio (HR)=1.020, P <0.001], HS (versus
nonsensitized, HR =0.090, P <0.001), and sensitized (versus
nonsensitized, HR =0.380, P <0.001) had a lower chance of
been transplanted (Table 4). Additionally, when compared to
A blood type candidates, blood type B and AB patients had
a higher chance of been transplanted (HR =1.574, P =0.019;

© 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Table 3 Median waiting time for a kidney transplant by blood type and cPRA?

cPRA # patient transplanted Median waiting time Log-rank P
Overall (n=776) 601 (77.4%) 475 —
Blood type A (n=344) Global 290 (84.3%) 35.1 A versus B=0.366
A versus AB=0.117
A versus O=<0.001
1. cPRA 0% (n=254) 239 (94.1%) 30.7 1 versus 2 =<0.001
2. cPRA 1%-79% (n=38) 9 (76.3%) 474 1 versus 3=<0.001
3. cPRA >80% (n=52) 2 (42.3%) 129.3 2 versus 3=<0.001
Blood type B (n=35) Global 1 (88.6%) 22.8 B versus AB=0.638
B versus O =0.001
1. cPRA 0% (n=25) 25 (100%) 16.9 1 versus 2=0.215
2. cPRA 1%-79% (n=3) 2 (66.7%) 274 1 versus 3=<0.001
3. cPRA >80% (n=7) 4 (57.1%) 144.0 2 versus 3=0.156
Blood type AB (n=17) Global 14 (82.4%) 14.5 AB versus O =<0.001
1.cPRA 0% (n=13) 12 (92.3%) 13.5 1 versus 2=0.867
2. cPRA1%-79% (n=1) 1(100%) 16.6 1 versus 3=0.013
3. cPRA >80% (n=3) 1(33.3%) 70.5 2 versus 3=0.083
Blood type 0 (n=380) Global 266 (70.0%) 65.3 —
1. cPRA 0% (n=308) 232 (75.3%) 62.0 1 versus 2=0.001
2. cPRA 1%-79% (n=42) 1(50.0%) 75.1 1 versus 3<0.001
3. cPRA >80% (n=230) 3 (43.3%) 91.1 2 versus 3=0.176

cPRA, calculated panel reactive antibody; DD, deceased donor; LD, living donor; TR, transplant.

@Data are presented as total number (#), percentage, and median (months).

Table 4 Multivariable Cox regression analysis of the chance of receiving
kidney graft from a DD (n=776)?

fewer kidney offers, prolonged waiting time and being less
transplanted.
Portuguese allocation system is aware of these disadvantages

HR 95% Cl P ; ) ; !

and, in order to seek fairness regarding blood group differences,
Age 1.020 1.012-1.027 <0.001 introduced the ABO-identical rule in a legislation update in
QBO group Reference <0.001 2007. With this change, blood group O kidneys are allocated
B 1574 1079-2.296 0019 to non-0 r601plent§ (?nly for chr'ncal super.—urgent. patlen.ts. This
AB 2 582 1495-4.460 0.001 change had a striking effect in decreasing waiting times as
0 0.255 0.211-0.308 <0.001 reported by Lima et al., where the overall waiting time on
cPRA <0.001 dialysis decreased from a median of 65-51 months (112-77
0% Reference for 0 blood type patients) in the following years (2008—2011)
1-79 0.380 0.284-0.510 <0.001 (23). A disadvantage of this legislative change was the loss
>80% 0.090 0.062-0.131 <0.001

Cl, confidence interval; cPRA, calculated panel reactive antibody; DD,
deceased donors; HR, hazard ratio.
@Data are presented as HR and 95% CI.

HR=2.582, P=0.001, respectively), while the opposite
occurred in 0 blood type patients (HR=0.255, P <0.001)
(Table 4).

Discussion

Our retrospective cohort study showed that 0 blood group
patients are in great disadvantage when compared to the
remaining candidates, waiting longer to have a kidney graft
offer from a DD (10.6 months) and, consequently, having an
extended waiting time on dialysis (65.3 months). Additionally,
and regardless blood type, cPRA value greater than 80% was
a tremendous unfavorable factor, with HS patients having

© 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

of points for HLA matching to dialysis time, which will have
future impact in allosensitization degree for patients needing a
second transplant.

Regarding patients allosensitization status, we consider that
the present allocation program is not reasonable when it assigns
score extra points based only on cytotoxic PRA (24). By doing
so, the Portuguese allocation system works as a double-edged
sword because it considers the less sensitive PRA-CDC assay
in order to provide additional points to HS patients, but
imposes a rigid cutoff in SAB assay to determine unaccept-
able HLA mismatches. Previously, we published data showing
that no antibody-mediated rejection occurred in nondesensi-
tized patients with preformed DSA with a MFI below 3000 (25).
This approach is an important explanation for the HS patients
low transplant rate as they are excluded based on vXM, and we
are convinced that the introduction of cPRA in the allocation
matching would provide a more pertinent measure of sensiti-
zation and transplantability, a fairer assignment of additional
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points for HS patients, and it could reverse the observed trend of
organ offer and transplantation rates, as already published (26).
In fact, this stringent cutoff in the vXM may be just when con-
sidering low or nonsensitized patients, but we believe it is not
reasonable when considered high sensitized patients. Although
we understand that transplantation across an antidonor HLA
antibody is not the best option, this may be the best chance a
HS patient will ever have, allowing them to be transplanted with
low-moderate level DSA and a negative cytotoxic cross-match,
with a suitable immunosuppression therapy. Additionally, this
inflexible cutoff leads to false unacceptable HLA mismatches
listing, not clinically relevant, and denying some patients the
opportunity of having a cross-match assay performed (27), as
SAB assay has been associated with a number of technical
issues (28) such as, difficulty to set a cutoff (29), antigen denatu-
ration in recombinant beads (30), complement interference (31,
32), and the antibody identification with SAB assays of HLA
antibodies in male nonimmunized candidates (33).

Another important drawback of the Portuguese legislation
is the lack of a national program for HS patients, diminish-
ing greatly their donor pool, in particular of HLA full matched
kidneys, as graft survival is superior with zero mismatches
(34). Portugal is a small country where the logistic of graft
exchanges between transplant centers is easily achieved without
increasing cold ischemia. It has been reported that unexpected
positive cross-matches, and consequently the reshipment of
incompatible kidney, would increase cold ischemia time (35),
but we believe that HS patient’s sera exchange between histo-
compatibility laboratories, allowing the execution of cell-based
cross-match before organ shipment, would prevent unexpected
positive cross-matches that could occur due to incomplete or
error in donors HLA typing. In fact, even organ exchange
between other countries can be a reality in the near future as
Portugal became a South Alliance for Transplants (SAT) mem-
ber, a transnational alliance in the field of organ, tissue, and cell
donation and transplantation.

Regarding LD transplantation, again as expected, the trans-
plant rate of HS patients was significantly lower. Also, the
national KPD program implemented 5 years ago did not have a
very significant role in LD transplantation, with only nine kid-
ney transplants performed, due to insufficient number of pairs
enrolled, as it success depends greatly of the number of incom-
patible pairs included (36, 37). Besides, our program does not
allow altruistic donations (38), ABOi (39, 40), or introduction
of compatible pairs (41), that would certainly increase match
rates.

To conclude, this study emphasizes the importance of adopt-
ing new strategies for O blood type and HS patients, otherwise
they will continue to accumulate in the waiting list, having
a remote chance of receiving a transplant. For 0 blood type,
recipients with believe that the continued engagement in LD
programs (42) enhanced by the introduction of ABOi, com-
patible pairs, altruistic donations, and desensitization (43) in
KPD would allow raising transplantation rate. Concerning HS
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candidates, we believe that a national AM program, along with
the following essential changes, would have a huge impact on
HS patient’s transplantability (44, 45). First, reassessment of
HLA unacceptable antigens, as not all HLA specificities deter-
mined by SAB assays are necessarily real unacceptable anti-
gens. HLA matchmaker algorithm should be used in reanaly-
sis considering that HLA antibodies recognize HLA epitopes
rather than HLA antigens (46). Second, update level of sen-
sitization to cPRA since classic CDC alone underestimates
patient’s allosensitization, with important variations between
laboratories. Finally, extending the current local allocation
nationally would triple donor pool, increasing the chances of
finding a donor match.

With this study, we hope to open a new door for a constructive
discussion towards a fairer kidney allocation system.
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ARTICLE INFO ABSTRACT

Keywords: Background: The reduced access of highly-sensitized (HS) patients to kidney transplantation (KTx) is one of the
Highly-sensitized patients major challenges for transplant community. Therefore, the aim of our study was to estimate the impact of three
II;I;:‘ eplets different vPRA calculations, assessed traditionally and using eplet-based analysis, in donor offers. Methods: At

01-01-2020, 157 HS patients are waitlisted for deceased donor KTx and were included in this study. Total vPRA
(vPRAt) was calculated considering all patient allosensitization history, using 1 k MFI cut-off. Current vVPRA
(VPRAC) refers only to the last year SAB assays, using 1 k MFI cut-off. For eplet vPRA (vPRAe) every SAB assay
was analyzed by HLAMatchmaker and HLAfusion software. Matching runs have been performed taking vPRA
calculation as unacceptable antigens (UAs).

Results: All patients had at least one previous sensitizing event and patients with 100% vPRA were predominantly
candidates for retransplantation (P < 0.001), had higher PRA-CDC (P < 0.001), and longer dialysis vintage
waiting time (P < 0.001). Inter-group movement analysis between VPRA measures showed that 70 (45%), 124
(79%) and 80 (51%) patients were reclassified to a lower group when considering vPRAt to vPRAc, vPRAt to
vPRAe and vPRAc to vPRAe, respectively. The median percentage of change in estimated number of match runs
needed for 95% probability of finding an acceptable donor was significantly more pronounced by increasing
vPRAt intervals, when considering the reclassification from vPRAt to vPRAe (P < 0.001) or vPRAc to vPRAe (P =
0.045), while from vPRAt to vPRAc it was not (P = 0.899).

Conclusions: Our study demonstrated that the use of total or current vPRA calculations are impairing HS patients,
by decreasing transplant probability, leading to dramatically longer waiting times, when compared to eplet based
VvPRA.

Kidney transplantation

1. Introduction

Reduced transplantability rates within highly-sensitized (HS) pa-
tients is a global health issue identified more than thirty years ago [1].
This disadvantaged group was known to have prolonged waiting times
due to positive crossmatches against almost all donors tested [2] and,
since then, scientific community struggle to increase chance of finding
compatible donors for these patients [3,4]. Additionally, patient’s HLA
allosensitization status, historically determined with panel reactive an-
tibodies (PRA) by complement-dependent cytotoxicity (CDC), was

deeply underestimated. This method, described by Terasaki and
McClelland in 1964 [5], was time-consuming, lacked sensitivity and did
not allow the discrimination of non-cytotoxic or non-HLA antibodies.
This low-throughput method was particularly ineffective for HS pa-
tients, being almost impossible to identify HLA specificities.

With the introduction of solid-phase immunoassays (SPI), particu-
larly single antigen bead (SAB) assays, HLA antibodies identification has
undergone a substantial progress, improving crossmatch prediction and
allowing the implementation of virtual PRA (vPRA) [6]. The introduc-
tion of VPRA allowed a more consistent and reliable measure of
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allosensitization enabling the introduction of virtual crossmatch (vXM),
increasing transplantation rates among sensitized patients [7,8]. Unac-
ceptable antigens (UA) accurate assignment prevents offers to patients
that will result in positive crossmatches avoiding organs to travel un-
necessarily, promoting efficiency and ultimately reducing cold ischemia
time [9,10].

Although the unquestionable SAB assays value, it is now recognized
that these assays also need to be interpreted with caution due to several
technical limitations [11-13] and difficulties to establish clinical rele-
vant cut-offs for antibodies specificities identified by this more sensitive
technique [14,15]. The improvement accuracy for UA assignment is of
most importance for HS patients that, due to reduced donor offers, have
prolonged waiting times [16]. In fact, the probability of finding an
acceptable match, calculated by the eq. 1-(vPRA)" where n value is the
number of potential donors, decreases exponentially for patients
approaching vPRA of 100% [17]. To overcome this, alternative alloca-
tion programs that improved transplantation efficiency, have been
implemented worldwide [18,19].

In Portugal, highly-sensitized patient’s allocation is regional since
our legislation for deceased donor allocation was updated in 2008,
aggravating this problem by lowering donor pool. Since then, waiting
time for these patients has increased and Portugal now bears with 683
(34.6%) patients, for whom it is very difficult to find a compatible
donor. Furthermore, we consider all sera tested by SAB assay, with mean
fluorescence intensity (MFI) value higher than 1 k, as an absolute contra-
indication for transplant. This conservative strategy results in over-
estimated allosensitization, immediately excluding patients without
physical crossmatch, preventing them organ offers and transplantation.
We believe that eplet-based analysis can improve greatly UA assign-
ment, increasing the probability of donor offer and transplantation
within HS patients.

Therefore, the aim of our study was to compare three different vPRA,
determined traditionally and using eplet-based analysis, estimating their
impact in donor offers within HS population.

2. Materials & methods
2.1. Study population

At 01-01-2020, 1973 patients were waitlisted for deceased donor
kidney transplantation in Portugal, with 606 (30.71%) in the Northern

Table 1
Baseline characteristics of the overall cohort and comparison of vPRAt intervals.
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region and studied by our center. 157 (25.9%) of these patients are
highly-sensitized with vPRA higher than 98%, that represents 22.9% of
the overall Portuguese HS population (n = 683), and were included in
this study.

2.2. HLA antibodies assessment

Patient’s allosensitization status was determined by cellular and SPIL.
The cellular assay consists in standard CDC National Institute of Health
(NIH) crossmatch, using a home-made cell panel composed by 45-50
donors with known HLA typing, to test Dithiothreitol -treated and un-
treated patient’s sera. This assay allowed the determination of cytotoxic
PRA using Lambda Scan® Plus II Analysis software, version 5.9.

SPI were carried out using coded-colour microbeads coated with
purified class I or class II HLA antigens based on Luminex Xmap®
Technology (LABScreen® Single Antigen Bead (SAB) kit, OneLambda,
Canoga Park, CA, USA), according to manufacturer instructions using
EDTA-treated sera. SAB analysis was carried out with HLAfusion™
software, version 4.4 (One Lambda, Inc., CA, USA).

2.3. Insilico calculation of virtual panel reactive antibodies

VvPRA was determined using a Portuguese national population of
1100 deceased organ donors typed for HLA-A, -B, -C, -DRf1 and -DQp1
loci using polymerase chain reaction (PCR) amplification with specific
sequence primers (Olerup® SSP HLA typing kits, Stockholm, Sweden)
and confirmed with reverse sequence-specific oligonucleotide (LAB-
Type® SSO typing kits, One Lambda, Canoga Park, CA, USA). HLA an-
tigen frequencies were performed on each of the five loci and no
deviation from the Hardy- Weinberg equilibrium (HWE) was observed.

For total virtual PRA (vPRAt) the mean fluorescence intensity (MFI)
higher than 1 k, considering all patient allosensitization history, was
considered positive for assignment UA. For the analysis three intervals
groups for vPRA were considered, [97.50%-99.50%](n = 34, 22%),
[99.50%-99.99%], (n = 46, 29%) and 100% (n = 77, 49%). Current
virtual PRA (VPRAc) refers only to the last year SAB determinations,
using the same 1 k MFI cut-off. For eplet vPRA (vPRAe) every SAB assay
was analyzed by HLAfusion™ software, version 4.4 (One Lambda, Inc.,
CA, USA) and HLAMatchmaker algorithm, ABC antibody analysis with
Acceptable Mismatch Determinations v3.1 and DRDQDP Analysis and
Mismatch Acceptability v3.0, respectively for HLA class I and class II.

B.[99.50%-99.91%] N = 46 (29%)  C.100% N =77 (49%) P

Total N = 157 A.[97.50%-99.50%] N = 34 (22%)
Age, median (IQR) 52.4 (45.0-58.6) 55.2 (45.1-63.1)
Female, n (%) 87 (55) 25 (74)
Previous sensitizing events, n (%) 157 (100) -
- Previous transfusions, n (%) 125 (80) 23 (68)
- Previous pregnancy, n (%)" 64 (74) 18 (72)
- Previous transplant, n (%) 120 (76) 17 (50)
Blood group ABO, n (%)
-A 73 (47) 15 (44
_B 15 (10) 2(6)
-AB 9(6) 13
) 60 (38) 16 (47)
Dv months, median (IQR) 106.9 (66.9-161.8)  65.0 (41.4-103.1)
- Dv > 5 years, n (%) 126 (80) 19 (56)
- Dv > 8 years, n (%) 87 (55) 9 (26)
- Dv > 10 years, n (%) 67 (43) 7 (21)
PRA-CDC (%),median (IQR) 18 (4-55) 2(0-13)
- PRA-CDC >50%, n (%) 47 (30) 4 (12)
- PRA-CDC >80%, n (%) 19 (12) 0

48.9 (42.7-56.0) 51.9 (45.1-58.5) 0.055*

24 (52) 38 (49) 0.053"

36 (78) 66 (86) 0.090

20 (83) 26 (68) 0.422

37 (80) 66 (86) <0.001"""
0.749

20 (43) 38 (49)

409 9(12)

409 4(5)

18 (39) 26 (34)

94.8 (65.6-150.1) 134.9 (90.3-180.4) <0.001 "

37 (80) 70 (91) <0.001

22 (48) 56 (73) <0.001 7#*

17 (37) 43 (56) 0.002" "+

8(0-32) 39 (16-65) <0.001 "

9 (20) 34 (44) 0.001

5(11) 14 (18) 0.024**

IQR, interquartil range; Dv, Dialysis vintage time; PRA, panel reactive antibodies; CDC, complement-dependent cytotoxicity.

" A.vsB.P < 0.05.

" A.vsC.P < 0.05.

“* B.ys C. P < 0.05.

# Considering only women (n = 87 in all cohort).
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Fig. 1. Virtual PRA inter-group reclassification overlay histogram.

Discrepancies found in eplet analysis, between HLAmatchmaker and
HLAfusion software, were resolved by HLA epitope registry [20]. Allelic
specific specificities found in the SAB that could not be explained with
an antibody-verified eplet (AbVer), or high ElliPro score (HiElliPro),
were not considered.

2.4. Statistical analysis

Continuous data were described using median (interquartile range,
IQR) and categorical data were expressed as numbers (frequencies). The
distributions of continuous variables were analyzed using Kolmogor-
ov-Smirnov test. Categorical data including demographic and immuno-
logical features were compared using Pearson y2 test or Fisher’s exact test,

as appropriate. Continuous variables were compared with Student t-test or
Mann-Whitney U test, as appropriate. The Wilcoxon signed rank test was
used to compare paired changes between vPRA different calculations.
We used the Spearman’s rho correlation to examine the relationship
between scores from the three virtual PRA calculations: vPRAt, vPRAc
and vPRAe. Finally, we grouped patients by vPRA intervals: 1) 97.5%-—
99.5%, 2) 99.5%-99.9% and 3) 100% and analyzed inter-group move-
ment of patients between the three VPRA groups to assess trans-
plantability impact of using based eplet virtual PRA. The strength of
association between vPRA values was assessed by Goodman and Krus-
kal’s Gamma rank correlation and Cohen’s kappa for agreement.
Estimation of the number (n) of match runs needed for 95% proba-
bility of finding an acceptable donor was calculated as previously

Table 2
Intergroup movement between total and current virtual panel reactive antibodies calculations.
VPRAt
[97.50%-99.50%] N = [99.50%-99.91%] N = 100% N =77
34 (22%) 46 (29%) (49%)
Estimated number of match runs needed for 95% probability of ~ [150-600] [600-3330] ~30,000
finding an acceptable donor
vPRAc [0%-97.50%] N = 28 [1-150] 17 6 5
(18%) 61% 21% 18%
[97.50%-99.50%] N = [150-600] 17 13 6
36 (23%) 47% 36% 17%
[99.50%-99.91%] N = [600-3330] 0 27 23
50 (32%) 54% 46%
100% N = 43 (27%) ~30,000 0 0 43
100%

Agreement test
Rank correlation test

56%

Kappa: 0.383 P < 0.001
Gamma: 0.831 P < 0.001

Italic: row (current virtual PRA, vPRAc) percentages; Underline: column (total virtual PRA, vPRALtt) percentages.

Same group: 87 (55%).

Reclassified from vPRA to 1-degree lower group by vPRAa: 53 (34%).
Reclassified from vPRA to >1-degree lower group by vPRAe: 17 (11%).
Reclassified as HS from vPRA to non-HS by vPRAa (<97.50%): 28 (18%).
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described [17]. The percentage of change of eMR was calculated usind
the formula %eMR = (eMRfina] — €MRipitia) / €MRginal *100.

A two-sided P-value <0.01 was considered as statistically significant.
Statistical calculations were performed using Stata/MP, version 15.1
(Stata Corp, College Station, TX).

3. Results
3.1. Baseline characteristics

Patient’s cohort characteristics are presented in Table 1. All patients
had at least one previous sensitizing event, such as transplant (n = 120,
76%), blood component transfusions (n = 125, 80%), and pregnancies
(n = 64 of 87 female patients, 74%). As expected patients with 100% of
VvPRA were predominantly candidates for retransplantation (P < 0.001),
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had higher PRA-CDC (P < 0.001), and longer dialysis vintage waiting
time (P < 0.001).

It is noteworthy that only 19 (12%) patients are classified as HS by
the Portuguese legislation with PRA-CDC higher than 80%. In fact, only
47 (30%) patients had PRA-CDC higher than 50% and would be granted
extra-points in Portuguese allocation process. It is also important to note
that the median dialysis vintage time in our cohort is 106.9
(66.9-161.8). This is significantly increased in the vPRA = 100% group
with a medium dialysis vintage time of 134.9 (90.3-180.4).

3.2. VPRA calculations correlations and inter-group reclassification

As expected, spearman rank-order coefficient showed strong corre-
lation between vPRA calculations, VPRAt vs. vVPRAc (p = 0.715, P <
0.001), vPRAt vs. vPRAe (p = 0.531, P < 0.001) and vPRAc vs. vPRAe (p

Table 3
Intergroup movement between total and eplet virtual panel reactive antibodies calculations.
VvPRAt
[97.50%-99.50%] N = [99.50%-99.91%] N = 100% N =77
34 (22%) 46 (29%) (49%)
Estimated number of match runs needed for 95% probability of [150-600] [600-3330] ~30,000
finding an acceptable donor
vPRAe [0%-97.50%] N = 66 [1-150] 30 16 20
(42%) 45% 24% 30%
[97.50%-99.50%] N = [150-600] 4 16 19
39 (25%) 10% 41% 49%
[99.50%-99.91%] N = [600-3330] 0 14 23
37 (24%) 38% 62%
100% N = 15 (10%) ~30,000 0 0 15
100%
20%
Agreement test Kappa: 0.049 P = 0.116
Rank correlation test Gamma: 0.637 P < 0.001
Italic: row (eplet virtual PRA, vPRAe) percentages; Underline: column (total virtual PRA, vPRAt) percentages.
Same group: 33 (21%).
Reclassified from vPRAt to 1-degree lower group by vPRAe: 69 (44%).
Reclassified from vPRAt to >1-degree lower group by vPRAe: 55 (35%).
Reclassified as HS from vPRAt to non-HS by vPRAe (<97.50%): 66 (42%).
Table 4
Intergroup movement between current and eplet virtual panel reactive antibodies calculations.
VvPRAC
[0%-97.50%] N = [97.50%-99.50%] N [99.50%-99.91%] N 100% N = 43
28 (18%) = 36 (23%) = 50 (32%) (27%)
Estimated number of match runs needed for 95% [1-150] [150-600] [600-3330] ~30,000
probability of finding an acceptable donor
vPRAe [0%-97.50%] N = [1-150] 27 25 9 5
66 (42%) 41% 38% 14% 8%
[97.50%-99.50%] N [150-600] 1 11 17 10
= 39 (25%) 3% 28% 44% 26%
[99.50%-99.91%] N [600-3330] 0 0 23 14
= 37 (24%) 62% 38%
100% N = 15 (10%) ~30,000 0 0 1 14
7% 93%

Agreement test
Rank correlation test

Kappa: 0.319 P < 0.001
Gamma: 0.809 P < 0.001

Italic: row (current virtual PRA, vPRAc) percentages; Underline: column (total virtual PRA, vPRAt) percentages.

Same group: 75 (48%).

Reclassified from vPRAa to 1-degree lower group by vPRAe: 56 (36%).
Reclassified from vPRAa to >1-degree lower group by vPRAe: 24 (15%).
Reclassified from vPRAa to 1-degree higher group by vPRAe: 2 (1%).
Reclassified as HS from vPRAa to non-HS by vPRAe (<97.50%): 39 (25%).
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Table 5

Transplant Immunology 65 (2021) 101362

Comparisons of vPRA calculations median and median change, estimated number and percentage of change in estimated number of match runs needed for 95%

probability of finding an acceptable donor (eMR).

Total N = 157
(22%)

1.[97.50%-99.50%] N = 34

2.[99.50%-99.91%] N = 46
(29%)

3.100% N = 77 (49%) P

vPRA (%), median (IQR)

99.82 (99.73-99.91)
99.64 (99.00-99.82)
98.73 (94.55-99.64)

100 (100—-100)
100 (99.73-100)
99.46 (97.36-99.91)

vPRAt 99.91 (99.64-100) 98.95 (98.36-99.18)

vPRAC 99.73 (98.64-100) 97.45 (90.64-98.73)

vPRAe 98.64 (93.27-99.73) 90.59 (76.73-95.64)
VvPRA change (%), median (IQR)

VPRAt to —0.09 (—0.82-0) Signed-rank P < 0.001 —1.32 (—8.55-0)

vPRAc

VPRAt to —1.27 [-6.36-(—0.18)] Signed-rank P < —8.41 [-22.18-(—3.00)]

vPRAe 0.001

vPRAC to —0.82 [—4.64-(—0.09)] Signed-rank P < —5.41 [-10.73-(—1.46)]

vPRAe 0.001

eMR by vPRA, median (IQR)

vPRAt 3290 (822-29,949) 286 (182-365)
vPRAc 1096 (218-29,949) 118 (30-234)
vPRAe 218 (43-1096) 31 (11-67)

% of change in eMR, median (IQR)
VPRAt to —40.1 (—91.7-0) Signed-rank P < 0.001 —60.0 (—87.3-0)
VvPRAc
vPRAt to —94.5 [—98.8-(—66.7)] Signed-rank P < —89.2 [-96.2-(—75.7)]
vPRAe 0.001
vPRAC to —66.8 [-92.9-(—16.2)] Signed-rank P < —55.6 [—84.2-(—14.0)]
vPRAe 0.001

—0.09 (-0.82-0) 0 (-0.27-0) <0.001

—1.09 [-5.36-(—0.27)] —0.55 [-2.64- <0.001
(—0.09)]

—0.50 [-4.45-(—0.09)] —0.46 (—1.91-0) <0.001

1645 (1096-3290) 29,949 -
(29949-29,949)

822 (298-1645) 29,949 (1096-29,949)  <0.001 -

234 (53-822) 548 (112-3290) <0.001

—50.0 (—81.9-0) 0 (-96.3-0) 0.899

—82.9 [-97.7-(—50.0)] —98.2 [-99.6- <0.001 ***
(—89.0)]

—59.8 [-80.1-(-21.6)] —79.5 (-97.8-0) 0.045

% of change: (final-initial)/final*100.
" 1.vs 2. P < 0.01.
" 1.vs3.P < 0.01.
" 2.vs3.P <0.01.

= 0.738, P < 0.001).

Inter-group reclassification overall analysis is displayed in an over-
laid histogram in Fig. 1.

Table 2 shows inter-group reclassification between vPRAt and vPRAc
and 87 (55%) patients remained in the same interval group. Reclassifi-
cation from vPRAt to one-degree lower group by vPRAc occurred in 53
(34%) patients and 17 (11%) were reclassified from vPRAt to more than
one-degree lower group by vPRAc. Also, 28 (18%) patients were
reclassified to non-HS when considering only the current sera in vVPRA
calculation. Kappa and gamma correlation values between vPRAt vs.
vPRAc were 0.383 (P < 0.001) and 0.831 (P < 0.001), respectively.

When comparing vPRAt and vPRAe, as expected, the inter-group
movement is higher remaining only 33 (21%) patients in the same in-
terval group (Table 3). Reclassification occurred for 124 patients, 69
(44%) from vPRAt to one-degree lower group by vPRAe and 55 (35%)
from vPRALt to more than one-degree lower group by vPRAe. In fact, with
eplet based vPRAe, 66 (42%) would be reclassified as non-HS. Kappa
and gamma correlation values between vPRAt vs. vPRAe were 0.049 (P
=0.116) and 0.637 (P < 0.001), respectively.

Inter-group movement between current allosensitization calculated
with vPRAc and vPRAe is lower with 75 (48%) patients remaining in the
same interval group (Table 4). Reclassification occurs for 56 (36%) from
VvPRAC to one-degree lower group by vPRAe and 24 (15%) from vPRAc
to more than one-degree lower group by vPRAe. Only 25% of the pa-
tients (n = 39) were reclassified to non-HS. It is noteworthy that 2 (1%)
patients were reclassified from vPRAc to one degree higher by vPRAe.
Kappa and gamma correlation values between vPRAc vs. vPRAe were
0.319 (P < 0.001) and 0.809 (P < 0.001), respectively.

3.3. Estimated number of match runs needed to find an acceptable donor

Median and median change between current and eplet vPRA calcu-
lations, considering vPRAt interval groups, were significantly different
(P < 0.001) (Table 5).

The median estimated number of match runs (eMR) needed for 95%
probability of finding an acceptable donor by vPRAt intervals are

significantly different for vPRAc and vPRAe (P < 0.001). Furthermore,
also the percentage of change in eMR by vPRAt to vPRAe was signifi-
cantly more pronounced by increasing vPRAt intervals (P < 0.001). This
percentage of change of eMR was not so pronounced between vPRAc to
vPRAe (P = 0.045) and was not observed for the percentage change of
eMR from vPRAt to vPRAc (P = 0.899) (Fig. 2).

3.4. Comparison between vPRA values, according to sensitizing events
and dialysis vintage time

Total vPRAt median change to current or eplet vVPRA, vPRAc and
vPRAe, according to previous sensitizing events such as transfusions,
pregnancies and transplants, vintage dialysis and PRA-CDC is showed in
Table 6. In the full cohort, median reduction from vPRAt to vPRAe was
significantly less pronounced in candidates to retransplant (P < 0.001)

8 P=0.899
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Fig. 2. Comparisons of percentage of change in estimated number of match
runs (eMR) needed for 95% probability of finding an acceptable donor.
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Table 6
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Comparison between vPRAt change to vPRAc and vPRAe, according to sensitizing events and dialysis vintage over 10 years.

Full cohort (n = 157)

vPRAt to vPRAc change (%), median (IQR)

P vPRAt to vPRAe change (%), median (IQR) P

Previous transfusions

No —0.09 (-1.32-0)
Yes —0.09 (-0.73-0)
Previous pregnancy (n = 87)

No —0.09 (—1.64-0)
Yes —0.09 (—1.14-0)
Previous transplant

No —0.09 (—2.55-0)
Yes —0.05 (-0.73-0)
Dialysis vintage >10 years

No —0.09 (-1.64-0)
Yes —0.01 (—0.46-0)
PRA-CDC >50%

No —0.18 (-1.09-0)
Yes 0 (-0.18-0)

VPRAt [97.50%-99.99%]
VvPRAt to vPRAc change (%), median (IQR)
Previous transfusions

No —0.27 [-2.55-(—0.01)]
Yes —0.18 (—2.91-0)
Previous pregnancy (n = 38)

No —0.82 (-9.55-0)

Yes —0.09 (—2.91-0)
Previous transplant

No —0.27 [-4.09-(—0.01)]
Yes —0.23 (—1.91-0)
Dialysis vintage >10 years

No —-0.23 (-3.91-0)

Yes —0.27 (-1.59-0)
PRA-CDC >50%

No —0.27 (—4.09-0)

Yes —0.01 (-0.82-0)

vPRAt = 100%
VvPRAt to vPRAc change (%), median (IQR)
Previous transfusions

No 0 (—0.09-0)

Yes 0 (-0.27-0)
Previous pregnancy (n = 49)

No 0 (-0.41-0)

Yes 0 (-0.27-0)
Previous transplant

No —0.09 (-0.27-0)
Yes 0 (-0.18-0)
Dialysis vintage >10 years

No —0.05 (—0.27-0)
Yes 0 (-0.18-0)
PRA-CDC >50%

No 0 (—0.36-0)

Yes 0 (—0.09-0)

0.705 0.251
—3.27 [-7.82-(-0.27)]
—1.09 [-6.09-(—0.18)]

0.725 0.491
—0.73 [-7.82-(—0.09)]
—1.77 [-6.36-(—0.23)]

0.044 <0.001
—4.91 [-16.82-(—1.18)]
—0.68 [—4.64-(—0.18)]

0.121 <0.001
—2.95 [-9.18-(—0.45)]
—0.27 [-1.55-(—0.09)]

0.005 0.002
—2.18 [-8.73-(—-0.27)]
—0.55 [-1.36-(—0.09)]

P vPRAt to vPRAe change (%), median (IQR) P

0.634 0.186
—4.91 [-11.09-(—1.82)]
—2.00 [-12.55-(—0.27)]

0.398 0.657
—7.18 [-16.82-(—0.36)]
—2.91 [-9.27-(—0.36)]

0.444 0.100
—5.14 [-16.82-(—1.73)]
—2.27 [-11.09-(-0.27)]

0.911 0.008
—4.86 [-14.18-(-1.14)]
—0.50 [-7.59-(—0.09)]

0.097 0.019
—4.45 [-15.45-(—0.36)]
—0.64 [-1.46-(—0.18)]

P vPRAt to vPRAe change (%), median (IQR) P
0.283 0.310
—0.36 (—2.91-0)
—0.55 [—2.64-(—0.18)]
0.986 0.283

—0.18 [-1.68-(—0.05)]
—0.64 [—3.46-(—0.09)]

0.255 0.010
—3.46 [—24.73-(—0.36)]
—0.46 [-1.73-(—0.09)]

0.348 0.005
—1.64 [-5.46-(—0.27)]
—0.27 [-0.91-(-0.09)]

0.283 0.523
—0.55 [-2.91-(-0.18)]
—0.50 [-1.36-(—0.09)]

and those with dialysis vintage >10 years (P < 0.001) or PRA-CDC
>50% (P = 0.002).

The same effect was observed, when considering only vPRAt = 100%
patients, for retransplantation (P = 0.010) and dialysis vintage >10 years
(P = 0.005), or, in the remaining cohort (vPRAt [97.50%-99.99%]), for
dialysis vintage >10 years (P = 0.008) and PRA-CDC >50% (P = 0.019).

3.5. Comparison of percentage of change in estimated number of match
runs (eMR)

The comparison of percentage of change in eMR, needed for 95%
probability of finding an acceptable donor, from vPRAt to vPRAc or
vPRAe is showed in Table 7. Considering all cohort, the percentage of
change in eMR was significantly less pronounced in candidates with
dialysis vintage >10 years (P = 0.049). This was also observed for pa-
tients with 100% of vPRA (P = 0.005) and for the remaining cohort, with
vPRA between 97.50% and 97.99% (P = 0.015). For patients with vPRA
of 100, also the percentage of change in eMR was less significant for

patients with a previous transplant patients (P = 0.010) (Fig. 3).
4. Discussion

The extremely sensitive SAB assays are used worldwide as the golden
standard method for UA assignment and vPRA calculation. The intro-
duction of VPRA, replacing traditional cytotoxic PRA, resulted in over-
whelming progress bringing more equity to HS patients [21]. However,
VPRA can reflect variability depending on considered loci, serum dates
and/or cut-off values. Additionally, several SAB assays technical limi-
tations assays have been described, such as false positive reactions, with
an important impact in vPRA values and transplantability [22].

Total virtual PRA is used in Portuguese allocation algorithm to assign
UA for all candidates in the waiting list fot a kidney transplant. This
conservative strategy was already described to be inefficient for trans-
planting highly-sensitized patients that are accumulating in the waitlist
with extremely prolonged waiting times [16]. In fact, in our study 120
(76%) of HS patients are re-transplant candidates and 126 (80%)
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Table 7
Comparison % of change in estimated number of match runs (eMR) needed for 95% probability of finding an acceptable donor from vPRAt to vPRAc or vPRAe.
Full cohort
vPRAt to vPRAc % of change in eMR (%), median (IQR) P vPRAt to vPRAe % of change in eMR (%), median (IQR) P
Previous transplant 0.282 0.522

No —50.2(—89.0-0)
Yes —10.8 (-92.1-0)
Dialysis vintage >10 years

No —53.9 (-92.6-0)
Yes —9.0 (-91.6-0)
PRA-CDC >50%

No —54.2(—93.8-0)
Yes 0 (—89.0-0)

VPRAt [97.50%-99.99%]

VPRAt to vPRAc % of change in eMR (%), median (IQR)

Previous transplant

No —50.0 [-72.0-(—0.2)]
Yes —54.1 (—87.4-0)
Dialysis vintage >10 years

No —53.9 (—86.4-0)

Yes —50.0 [—84.2-(—4.5)]
PRA-CDC >50%

No —58.1 (—90.9-0)

Yes —9.0 (-57.7-0)

VvPRAt = 100%

vPRAt to vPRAc % of change in eMR (%), median (IQR)

Previous transplant

No —89.0 (-96.3-0)
Yes 0 (—94.5-0)
Dialysis vintage >10 years

No —44.5 (-96.3-0)
Yes 0 (—94.5-0)
PRA-CDC >50%

No 0 (-97.3-0)

Yes 0 (—89.0-0)

—95.0 [-98.9-(—81.7)]
—94.5 [-98.6-(—64.2)]

0.385 0.049
—96.3 [-99.2-(-76.6)]
—94.5 [-98.4-(-50.0)]

0.049 0.734
—94.9 [-98.7-(-75.0)]
—94.5 [-98.8-(—50.0)]

P VvPRAt to vPRAe % of change in eMR (%), median (IQR) P
0.950 0.597
—87.5 [-96.2-(—75.2)]
—85.4 [-97.3-(-57.2)]
0.941 0.015
—89.4 [-97.9-(-75.0)]
—62.6 [-94.2-(—46.4)]
0.051 0.008
—90.2 [-97.7-(-66.7)]
—58.4 [-85.8-(—50.0)]

P vPRAt to vPRAe % of change in eMR (%), median (IQR) P
0.255 0.010
—99.7[-99.96-(—97.3)]
—97.8 [-99.4-(—89.0)]
0.348 0.005
—99.4 [-99.8-(—96.3)]
—96.3 [-98.9-(—89.0)]
0.283 0.523
—98.2 [-99.7-(—94.5)]
—98.0 [-99.3-(—89.0)]

patients have dialysis vintage time over five years.

Using all history of HLA specificities identified by IgG-SAB assays
with 1 k cut-off to determine UA as an absolute contraindication to
transplant, without performing a physical crossmatch, it’s not reason-
able [23]. In fact, desensitization protocols are often used to overcome
humoral incompatibility for HS patients where the final goal is to ach-
ieve a window of opportunity where crossmatches reach negativity [24].
Using vPRAt for UA assignment we may be missing opportunities and
preventing transplantation based on historic specificities, as it includes
sera without prozone treatment [12,25,26] and tested under therapies
with known interaction with SAB assays [27,28].

Our study showed that almost half of the HS patients (45%, n = 70)
would be reclassified to a lower vPRA interval, when considering cur-
rent vPRA, decreasing the number of eMR needed for 95% probability of
finding a compatible donor, and hence increasing transplant probability.

However, using only the current vPRA with a fixed 1 k MFI cutoff
may also be misleading and should be interpreted with caution. In fact,
IgG-SAB assays are semi-quantitative with a limited number of HLA
antigens per bead and MFI values do not reflect the antibodies titers
[13]. Besides bead saturation, also antigen density is different between
beads being erroneous to employ a universal cut-off for all loci. In fact,
flow crossmatch positivity due to HLA-C and HLA-DPB1 donor specific
antibodies (DSA) are associated with higher MFI values, when compared
to other loci [29]. Furthermore, non-specific background reactivity has
been described to particularly beads in specific lots, particularly in pa-
tients with autoimmune pathologies, leading to false positivity and
vPRAt increment. In addition, denatured proteins on bead surface and
the HLA antigen purification process can expose antibody binding epi-
topes that are not expressed in vivo [30-32]. This phenomenon has been
reported as «natural antibodies» as they were first identified in unsen-
sitized male sera [33].

The SAB assay limitations interferes with both current and total
vPRA values in a flawed technique and, although vPRAc can improve

results over vPRAt, we must not underestimate that absence of
measurable DSAs in the current sera does not exclude the presence of
memory B cells and a potential anamnestic response [34].

Notwithstanding, increasing cut-off value for UA assignment would
also result in lower percentage of vPRA and increased transplant prob-
ability, but eplet analysis allowed us to introduce clinical relevance in
the interpretation. Eplet-based analysis considers as acceptable HLA
antigens without an explainable antibody-verified eplet or low ElliPro
score. ElliPro is a prediction program based on three-dimensional
structures of antigen-antibody complexes developed by Ponomarenko
[35] that enables the characterization of clinically relevant eplet rep-
ertoires in HLA matching [36]. Also, this molecular approach allows the
understanding of allelic specific reactivities, usually considered as an-
tigen unacceptability, increasing acceptable antigens list. On the other
hand, also false negativity could occur due to shared public eplets in
multiple antigens leading to less antibody binding per bead. In this case,
HLA antigens with MFI value below 1 k aren’t reported as positive in
vPRACc but are considered when eplet analysis in done resulting in higher
VPRA.

Another important limitation of HLA class I and class II IgG-SAB
assay is panel representation as it contains only 98 different HLA al-
leles each. Using eplet based antibody assignments allow us to identify
the reactive(s) eplet(s) and subsequently identifying also non-luminex
DSAs.

Eplet based vPRA granted the reclassification of 124 (79%) and 80
(51%) patients to a lower group when considering vPRAt and vPRAc to
vPRAe, respectively. In fact, 66 (42%) and 39 (25%) patients would
actually be reclassified as non-HS patients with vPRA lower than 98%.
This was particularly significant when considering the third group of
patients with 100% (P < 0.001).

This represented a huge impact on the percentage of change of eMR
needed for 95% probability of finding an acceptable donor for the whole
cohort, when considering vPRAt to vPRAe (P < 0.001), being less
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pronounced for vPRAc to vPRAe (P = 0.045). This was not observed in
the percentage of change in eMR from vPRAt to vPRAc (P = 0.899). Our
study showed also that median percentage of change in eMR from vPRAt
to vPRAe was less pronounced in candidates to retransplant with 100%
of vVPRA (P = 0.010) and for patients with dialysis vintage >10 years (P
= 0.049 for all cohort, P = 0.015 for vPRA = 100% and P = 0.005 for
patients with vPRA between 97.50% and 97.99%). This observation
reinforces the strength of vPRAe measure, which has an important
decrease within first transplant candidates with lower cytotoxic PRA,
and this impact is less pronounced in patients considered to be at highly
immunological risk [37-39].

A limitation of our study is that, although presenting a strategy to
increase donor offer and transplant probability, we did not perform
cellular assays. As such, we must be aware that a proportion of described
eplets lack antibody-verified status and a percentage of cellular based
crossmatches could be positive and all DSAs should be included in the
immunologic risk analysis.

To conclude, our study demonstrated that the use of total or current
VvPRA calculations are impairing HS patients, decreasing trans-
plantability leading to dramatically longer waiting times, when
compared to eplet based vPRAe. We believe that HLA antibodies iden-
tified in SAB that failed to be explained by eplet analysis, or have a low
ElliPro score, should be listed as risk factors, instead of an absolute
contraindication, increasing greatly donor offers, wet-crossmatch
testing and ultimately transplant probability.
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ABSTRACT

Background: The inclusion of compatible pairs within kidney paired exchange programs has been described as a way to enhance these programs. Improved im-
munological matching for the recipient in compatible pair has been described to be a possible benefit.
Methods: The main purpose of our study was to determine if the introduction of compatible pairs in the Portuguese kidney paired exchange program would result in a
better match for these patients, but also to assess if this strategy would increase the number of incompatible pairs with a possible match.

We included 17 compatible pairs in kidney paired exchange pool of 35 pairs and performed an in-silico simulation determining HLA eplet mismatch load between
the co-registered and matched pairs using HLA MatchMaker, version 3.0.
Results: Our study showed that the inclusion of fully HLA-A, -B, —DR mismatched compatible pairs within the national Portuguese KEP increased matched rate
within ICP (0.71%) and improved HLA eplet matching within compatible pairs. 16 of 17 (94.12%) of the CP obtained one or more transplants possibilities and 13
(81.25%) would have been transplanted with significantly lower HLA class I and class II total and antibody-verified eplet mismatch load (83.9 = 16.9 vs.
59.8 + 12.2, P = .002 and 30.1 * 5.5vs. 21.2 + 3.0, P = .003, respectively).
Conclusions: This strategy is a viable alternative for compatible pairs seeking a better matched kidney and Portuguese KEP program should allow them this

possibility.

1. Introduction

The incidence of end-stage renal disease (ESRD) is increasing
worldwide and kidney transplantation (KT) is the best treatment for
renal replacement therapy. This culminated in a profound imbalance
with an increasing gap between organ supply and demand. Several
strategies have been implemented in order to overcome organ shortage,
such as expanded criteria of deceased donors [1,2], donation after
circulatory-death [3] and living donation [4,5].

The first successful living donor transplant was performed in 1954
between monozygotic twins [6] and, since then, multiple studies aimed
to assess beneficial versus medical risks [7,8]. Furthermore,

international guidelines recommendations to assist medical profes-
sionals in the living donation process, were published [9]. However, it
is undoubtable that living donation is a superior alternative when
compared to deceased donation, because it has been associated with
better long-term of patient and graft survival rates, especially due to
decease donor characteristics [10,11]. Also, longer times on pre-trans-
plantation dialysis therapy are associated with poorer outcomes fol-
lowing transplantation [12-14].

Until recently, direct living donors were rejected due to blood type
(ABOi) or HLA incompatibility (HLAi) but this immunological barrier
can now, in some extent, be surpassed with desensitization protocols
[15-18]. A noteworthy alternative to transplant these incompatible

Abbreviation: ABOi, ABO incompatibility; AbVerEp, antibody-verified eplets; CP, compatible pairs; DSA, donor specific antibodies; EptMM, total eplet mismatch
load; EptMM-I, HLA class I total eplet mismatch; EptMM-II, HLA class II total eplet mismatch; EpvMM, antibody-verified eplet mismatch load; ESRD, end-stage renal
disease; HLAi, HLA incompatibility; ICP, incompatible pairs; KEP, kidney exchange programs; KT, kidney transplantation; MFI, Mean fluorescence intensity; SAB,
single antigen bead; VPRA, virtual panel reactive antibodies
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pairs (ICP), with lower risk and without the need of expensive de-
sensitization, prolonged hospitalizations and early readmissions
[19-21], are kidney exchange programs (KEP). The concept was in-
troduced in 1986 by Felix Rapaport [22] and currently the success of
KEP worldwide is unquestionable [23-28]. However, these programs
are not able to present solutions for every ICP, and also struggle to find
new solutions, such as participation in wider international programs
[29], the use of desensitization programs within KEP [30] and the in-
troduction of compatible pairs (CP) [31,32]. Also, the close commu-
nication between histocompatibility laboratory and clinic is of extreme
importance in order to correctly define unacceptable mismatches [33].

Portugal implemented a national KEP almost ten years ago
(Portuguese Ordinance n° 802/2010, of August 23) and, as a relatively
small country, the median number of ICP is limited and the program
lacks efficiency.

The main purpose of our study was to determine if the introduction
of CP in the Portuguese KEP program would result in a better match for
these patients, but also to assess if this strategy would increase the
number of ICP with a possible match.

2. Materials & methods
2.1. Donor and recipient pairs

Each donor-recipient pair is considered compatible if there is no
insurmountable HLA or ABO allosensitization against the donor. HLAi
is assessed considering all patient history, cellular and solid-phase as-
says and, for ABOi, we consider anti-A/B isoagglutinin IgG titles below
512. As such, incompatible pairs are considered untransplantable and
are proposed to integrate the Portuguese national KEP. The program
includes five transplantation units and performs quarterly match cycles
with ICP, ABOi or HLAi. The compatibility is determined by scoring
four characteristics: a) blood group, identical blood group pairs (30
points) versus compatible blood groups (0 points); b) compatibility
probability, calculated of each pair as described by Keizer et al [34]
adding 30 points if lower than 25%, 20 points if between 25 and 50%,
10 points if between 50 and 75% and 0 points if higher than 75%; c) age
difference, with 10 points if the difference is less than 20 years; d) time
in renal replacement therapy, scoring 0.05 points for each month.

To assess the effect of inclusion of CP we used the Portuguese na-
tional KEP pool from October 2019 that consisted of thirty five ICP. The
CP included were transplanted directly in Hospital Santo Anténio —
Centro Hospitalar do Porto from 2009 and 2017 and were fully mis-
matched for HLA-A, -B, —DR loci. One pair (CP7) was ABOi and two
pairs (CP8 and CP15) were HLAI, requiring desensitization protocols to
be overcome the incompatibility and be transplanted.

2.2. HLA eplet mismatch

HLA intermediate resolution typing for HLA-A,-B, —C, —DRf1 and
DQal/P1 loci was performed for all pairs using reverse sequence-spe-
cific oligonucleotide (LABType® SSO typing kits, One Lambda, Canoga
Park, CA, USA). HLA allelic typing was determined as previously de-
scribed [35].

HLA eplet mismatch was calculated for each CP pair using
HLAMatchmaker, version v3.0, which included all antibody-verified
eplets (AbVerEp) in the registry until November 1, 2019 (http://www.
epregistry.com.br). A better match was defined when CP would have at
least one matching possibility with lower HLA class I and II eplet mis-
match load.

2.3. Allocation matching
The allocation was performed with the 35 ICP only and, afterwards,

match cycles simulations were performed including each of the selected
CP. Unacceptable antigens were determined by single antigen bead
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(SAB) IgG assays (LABScreen® Single Antigen kit, OneLambda, Canoga
Park, CA, USA). Mean fluorescence intensity (MFI) of each bead was
measured using LABScan™100 flow analyzer (Luminex®, Austin, TX,
USA). Positive reaction threshold was considered a MFI value of =1000
and virtual panel reactive antibodies (VPRA) was calculated using
Eurotransplant calculated PRA (ETRL HLA database version 2.0,
https://www.etrl.org/Virtual%20PRA/). Only ABO compatible mat-
ches were considered.

2.4. Comparison of estimated probability of graft failure between CPD and
KPD

Comparison of estimated graft failure (GF), at 5 and 10 years, be-
tween the original compatible pair donor (CPD) and kidney paired
donor (KPD) was performed using the calculator described by Ashby
et al [36], available online (https://kecc.shinyapps.io/
SurvivalCalculator/). The recipient characteristics include age,
gender, race, height (cm) and weight (kg), time on dialysis, blood type,
history of diabetes and hepatitis C, previous transplants and vPRA.
Insurance status is public primary payer for all patients that don't have
history of diabetes. Donor's characteristics include age, gender, relation
to recipient (unrelated, first or second degree), race, blood type, height
(cm) and weight (kg), HLA mismatches (0-6) and HLA-DR (0-2) an-
tigen mismatches and history of smoking history.

3. Results
3.1. Kidney paired exchange incompatible pairs

The Portuguese KEP pool of ICP included 17 ABOi, 17 HLAi and one
pair with both types of incompatibility (n = 35). This group is char-
acterized by blood group unbalance with 25.7% O, 60.0% A, 8.6% B
and 5.7% of AB blood type. Besides disproportion of blood group, the
extremely elevated degree of allosensitization worsens transplant
probability among this group. The median vPRA was 59.29%, with 21
(60%) patients with vPRA higher than 50% and 16 (45.7%) with vVPRA
higher than 95%. Regarding gender the differences are smoother with
21 (58.3%) female potential donors and 17 (47.2%) female recipients.

3.2. Compatible pairs

The characteristics of CP included in the match simulations are
described in Table 1. Donor's blood type was mainly O (64.7%) while
recipient's were predominant A blood type (58.8%).

Although all CP were equally mismatched, with six HLA antigen
mismatches, the total number of HLA class I eplet mismatch (EptMM-I)
from recipients of CP ranged from 26 to 74, and 19 to 85 for HLA class
II eplet mismatch load (EptMM-II).

3.3. Match simulation without compatible pairs

The match performed without the inclusion of CP identified nine
possible transplants between ICP in 4-way, 3-way and a 2-way loop.
Transplanted patients characteristics are described in Table 1. This
match allowed the transplantation of seven (77.8%) patients with vVPRA
higher than 50%, three of them being higher than 95%.

3.4. Match simulation with compatible pairs

In the simulation match cycle with 35 ICP, 16 out of 17 (94.1%) CP
had at least one cross-over kidney transplant possibility and 13 out of
16 (81.25%) patients succeed to find a better HLA eplet matched donor
(81.4 = 17.6 vs. 64.4 = 19.5; P = .007) - Fig. 1. Considering the
results, the comparison of eplet mismatch load, total (EptMM) and
antibody-verified (EpvMM), between cross-over kidney donors that
would be considered (n = 13) and CP original donor, are presented in
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Table 1
Characteristics of the pairs included in match simulation of the Portuguese kidney exchange program.
Pair-ID Blood group Gender Virtual HLA class I EpMM HLA class II EpMM
D R D R VvPRA AbVer Other AbVer Other

Compatible pairs transplanted directly (n=17)

CP1 (6] (6] F M 0,00 17 29 23 27
CP2 o A F M 0,00 12 24 15 3
CP3 o (0] F M 0,00 20 35 12 15
CP4 o A F M 0,00 15 40 21 51
CP5 A A F M 0,00 16 27 10 24
CP6 o (0] F F 15,79 22 52 6 13
Cp7* A (¢} F M 0,00 10 31 22 32
cpg® (6] (6] M F 21,12 16 41 15 26
CP9 o A M F 0,00 13 15 11 14
CP10 o o M F 0,00 21 31 18 25
CP11 A A F M 0,00 17 32 15 19
CP12 A A F M 78,15 13 29 6 12
CP13 A A F M 6,870 14 22 12 20
CP14 (o} A F M 0,00 14 25 11 19
CP15° A A F M 55,66 16 33 12 21
CP16 [0} (¢} F M 0,00 10 23 11 23
CP17 (6] A M F 11,63 9 17 12 20
Incompatible pairs with at least one match possibility without CP inclusion (n=9)

2-way match run

ICP 1 A (6] F M 56,16

ICP 2 o A F F 99,26

3-way match run

ICP 3 A A M F 99,75

ICP 4 A (6] M F 99,48

ICP 5 o A F M 9,11

4-way match run

ICP 6 (6] A F F 49,16

ICP 7 o (¢} M F 89,77

ICP 8 A A F F 52,79

ICP 9 A (6] F M 4,92

Additional Incompatible pairs with at least one match possibility with CP simulation (n=7)
HLA incompatibility

ICP 10 (6] B M 99,88
ICP 11 A AB F M 97,44
ICP 12 A A F M 100,00
ABO incompatibility

ICP 13 A (6] M M 22,99
ICP 14 A (o) F M 0,00
ICP 15 A (6] F M 0,00
ICP 16 A (6] F M 0,00
Incompatible pairs with no match possibility with CP simulation (n=19)

HLA incompatibility

ICP 17 AB AB M F 99,56
ICP 18 (0] A M F 100,00
ICP 19 A A F M 100,00
ICP 20 (0] (0] F M 84,82
ICP 21 A A M F 99,97
ICP 22 o o F F 99,99
ICP 23 (6] (6] M M 99,55
ICP 24 B B F F 98,39
ABO incompatibility

ICP 25 A (6] M F 98,65
ICP 26 A (6] M F 99,99
ICP 27 AB B F M 1,79
ICP 28 A B M F 99,35
ICP 29 A (6] M F 10,74
ICP 30 B A F M 0,00
ICP 31 A o F M 0,00
ICP 32 B (6] M F 30,99
ICP 33 A (6] F M 7,39
ICP 34 A (o) F M 6,61
ABO and HLA incompatibility

ICP 35 A (6] F F 56,49
2 ABOi

b HLAI; CP, compatible pair; D, donor; R, recipient; F, feminine; M, masculine; vPRA, virtual panel reactive antibodies; HLA, Human Leucocyte antigens; EpMM,
eplet mismatches; AbVer, antibody-verified; Other, no antibody-verified eplets.
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Fig. 1. Change in HLA eplet mismatch load, antibody-verified (grey) and total (white) in CP with a matched donor within Portuguese KEP, compared the original

donor.

Table 2.

HLA class I and class II EptMM and EpvMM was significantly dif-
ferent between CP and KEP donors (83.9 + 16.9 vs. 83.9 = 16.9,
P = .002and 30.1 * 5.5vs.21.2 = 3.0, P = .003, respectively). This
difference remained statistically significant if HLA class I (45.8 + 8.1
vs. 32.2 * 9.7,P = .002 and 15.5 * 3.0vs. 10.9 = 3.5, P = .003,
respectively) and class I (38.1 = 12.2vys.27.7 = 12.8, P = .016 and
15.3 + 4.0vs. 9.7 = 4.7, P = .004, respectively) were analyzed in-
dependently.

We found no difference between age (49.8 = 9.9 vs. 48.5 + 7.8,
P = .674) and gender of the donor (10 vs. 8 female donors, P = .727) in
both groups.

3.5. Matching rate with compatible pairs

Considering the inclusion of the 13 CP that would benefit by en-
tering this program we observed an increased transplantation rate with

7 additional patients with a matching possibility in the same ICP pool
(Table 1).

3.6. Comparison of estimated probability of graft failure between CPD and
KPD

Table 3 summarizes the characteristics and estimated probability of
GF, at 5 and 10 years, for the thirteen patients considered for KEP by
HLA eplet matching analysis, with CPD and KPD. This estimated kidney
graft failure calculator showed that nine patients (69,2%) would benefit
from KEP donor, when compared to the original donor.

4. Discussion

Our study shows that the inclusion of fully mismatches CP with
national Portuguese KEP increased matched rate within ICP. This was
expected as we observed an improved balance for ABO blood groups

Table 2
Comparison of eplet mismatch load between compatible and simulation pairs, obtained after match in Portuguese kidney exchange
program.
CPD (N = 13) KPD (N = 13) Mean of difference p Pos 1
Mean = SD Mean *= SD (95% CI) Zero =
Neg |
Eptl + II 839 + 169 59.8 + 12.2 —24.1 (-32.1; —16.0) 0.002 0
0
13
EpvlI + II 30.1 = 55 21.2 = 3.0 -89 (-13.1; —4.7) 0.003 2
0
11
EptI 45.8 = 8.1 322 + 9.7 —13.7 (-19.1; —8.3) 0.002 0
12
Epv.l 155 = 3.0 109 = 35 —4.5(-6.9; —2.2) 0.003 1
1
11
Ept II 381 = 12.2 27.7 + 12.8 —-10.4 (-17.9; —2.9) 0.016 2
0
11
Epv_ Il 15.3 = 4.0 9.7 £ 4.7 —-5.5(-9.0; —2.1) 0.004 0
1
10
Donor age 49.8 =+ 9.9 485 = 7.8 -1.2(-10.2;7.7) 0.674 6
1
6
Female 10 (77) 8 (62) - 0.727 -

donor, n (%)

CPD, compatible pair donor; KPD, kidney exchange program donor; Ept, total eplet mismatch load; Epv, antibody-verified eplet
mismatch load; I, HLA class I; II, HLA class II; I+1I, HLA class I and class II; {, number of patients with increased value of Ep or age,

considering KPD versus CPD; =,
age, considering KPD versus CPD.

number of patients with equal value of Ep or age, considering KPD versus CPD; |, number of patients with decreased value of Ep or
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and VvPRA. In fact, allosensitization degree of Portuguese patients is
very high, aggravated by the lack of a national program for highly
sensitized patients and, together with O blood type imbalance, a well-
known problem [37], results in lower transplantability among these
patients [38,39]. This problem is reflected within Portuguese KEP
making extremely difficult to obtain a compatible match, revealed by
the low transplantability of this program (median of 2.67 transplants
per year). We believe it is very promising to understand that this
strategy would help antagonize this inequity.

Furthermore, both HLAi pairs that were desensitized to be trans-
planted directly and included in the CP sub-cohort, would find a com-
patible match without donor specific antibodies (DSA), sparing de-
sensitization. On the other hand, the matching simulation did not find a
matched pair for ABOi pair, CP7 desensitized and transplanted directly.
This is not surprising as this patient was blood type O and these donors
were in minority (25.7%) within ICP in KEP. In fact, ABOi barrier can
be crossed with outcomes equivalent to ABO-compatible transplanta-
tion. Several groups have described that acceptance of ABOi matching
significantly enhances transplant rates in KEP [40].

However, to include CP in KEP we must assure benefit and that was
the main reason why HLA mismatching was assessed using the HLA
eplets, rather than traditional HLA antigens, as this has been demon-
strated to be a more accurate strategy [35,41]. Our study showed that,
in the pool of 35 ICP, 16 CP (94.1%) obtained one or more transplants
possibility within the program, of which 13 (81.25%) were able to be
transplanted with a better matched donor considering HLA class I and
class II eplet mismatch load. The introduction of CP within KEP to seek
immunological benefit has been described by other groups [42,43].
Beyond that, also age, gender and size improved matching could be a
reciprocal benefit offer, as these factors also affects transplant outcome
[44,45]. Massie AB et al. developed the living kidney donor profile
index (LKDPI) score that allows comparison with kidney donor profile
index (KDPI) for deceased donors [46] and Ashby et al. developed an
online calculator of estimated graft failure for living donors [36]. This
calculator allows the comparison of HLA antigen, age, gender and body
size mismatches and 9 patients, considering the 13 patients with a
better HLA eplet match within KEP, would benefit to be transplanted
with KPD with a lower probability of GF at 5 and 10 years.

To the best of our knowledge, this is the first study based on anti-
body-verified eplets using the latest HLAmatchmaker version, a strategy
proved to be particularly useful to prevent both anamnestic responses
and allosensitization in kidney transplantation [47].

The major limitation of our study simulation is the absence of high-
resolution typing for HLA eplet mismatch. However, Fidler et al have
shown that, in a predominantly Caucasian cohort, two-digit alleles
converted to four-digit alleles reliably calculate the number of eplet
mismatches at both class I and II loci compared to four-digit molecular
HLA typing method [48]. Besides, the negative virtual crossmatch ob-
tained for these pairs does not consider HLA-DPB loci that could result
in a positive cell crossmatch.

Although some studies raise some ethical issues and not all CP
would approve their participation in KEP [49], we believe that the al-
truistic nature of living donors [50], allied to prove increasing benefit
to the intended recipient, would also be a favorable factor in the de-
cision of CP to participate in KEP [51,52].

We believe it is our duty to offer the best option for each patient and
the inclusion of HLA mismatched CP within KEP allocation matching, in
order to seek for alternative better-matched donors, would allow the
clinical team to evaluate all possibilities and provide a better medical
advice.
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1 | INTRODUCTION

Abstract

HLA donor-specific antibodies developed de novo after transplant remain a major
cause of chronic allograft dysfunction. Our study main purpose was to determine
whether HLA MM, assessed traditionally and by HLA total and AbVer eplet mismatch
load (EptMM and EpvMM) assessed with HLAMatchMaker, had impact on dnDSA
development after living donor kidney transplantation (LDKT). We retrospectively
analysed a cohort of 96 LDKT between 2008 and 2017 performed in Hospital Santo
Antoénio. Seven patients developed dnDSA-Il and EpvMM and EptMM were greater
in dnDSA-1l group compared to the no dnDSA-II (18.0 + 8.7 versus 9.9 + 7.9, p = .041
and 41.3 + 18.9 versus 23.1 + 16.7, p = .018), which is not observed for AgMM
(2.29 versus 1.56; p = .09). In a multivariate analysis, we found that preformed DSA
(HR = 7.983; p = .023), living unrelated donors (HR = 8.052; p = .024) and retrans-
plantation (HR = 14.393; p = .009) were predictors for dnDSA-Il (AUC = 0.801;
0.622-0.981). HLA-Il EpvMM (HR = 1.105; p = .028; AUC = 0.856) showed to be
a superior predictor of dnDSA-II, when compared to AgMM (HR = 1.740; p = .113;
AUC = 0.783), when adjusted for these clinical variables. Graft survival was signifi-
cantly lower within dnDSA-II patient group (36% versus 88%, p < .001). HLA mo-
lecular mismatch analysis is extremely important to minimize risk for HLA-1I dnDSA
development improving outcome and increasing chance of retransplant lowering

allosensitization.

KEYWORDS
antibodies, histocompatibility, HLA, immune response, Imnmunology, matching, medicine,

transplantation

with early T cell-mediated rejection, young age and inadequate im-

munosuppression due to minimization or nonadherence.

Human Leukocyte antigens (HLA) donor-specific antibodies (DSA)
developed de novo after transplant, in particular against HLA class
I, remain a major cause of chronic allograft dysfunction (Terasaki &
Cai, 2008; Wiebe et al., 2012). HLA mismatching is a well-known risk
factor for de novo DSA (dnDSA) (Opelz & Dohler, 2013), alongside

HLA mismatching traditionally is determined considering the
donors HLA molecules not shared by the recipient. However,
after the development of HLAMatchmaker by Rene Duquesnoy
(Duquesnoy, 2002), several authors have been demonstrating the

importance of matching at the epitope level (Dankers et al., 2004;
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Duquesnoy et al., 2003; Silva et al., 2010; Wiebe et al., 2015), par-
ticularly HLA class Il eplet mismatch load (Kishikawa et al., 2018;
Wiebe et al., 2013).

HLA Matchmaker is a theoretical algorithm that compares
donor and recipient HLA molecules at the structural level to infer
the number of mismatched functional epitopes, named eplets
(Duquesnoy, 2006). Eplets are small configurations of polymorphic
amino acid residues on the HLA molecular surface and are classified
as antibody-verified (AbVer) when verified as targets of DSA. The
total eplet mismatch load (EptMM) includes AbVer eplet mismatches
(EpvMM) and eplets which have not yet been antibody-verified ex-
perimentally, named nonverified eplets.

Hence, our study main purpose was to determine whether HLA
mismatches, assessed traditionally considering the HLA molecule
and by HLA AbVer and total eplet mismatch (EpvMM and EptMM)
load assessed with HLAMatchMaker, had impact on dnDSA develop-
ment after living donor kidney transplantation (LDKT).

2 | MATERIALS & METHODS
2.1 | Patient population

In this study, we retrospectively analysed a cohort of 210 LDKT
between 1 January 2008 and 31 December 2017 performed in
Hospital de Santo Anténio—Centro Hospitalar Universitario do
Porto. Patients presenting post-transplant anti-HLA antibodies as-
sessment performed with single-antigen bead (SAB) assays were
considered, defining the 96 LDKT recipients as the studied cohort.
At transplant, all patients had a negative T- and B-lymphocyte cyto-
toxic crossmatch (standard NIH technique, not enhanced with anti-
human globulin) in current sera.

Median follow-up after transplant was 52.4 (33.7-77.7) months.

The Institutional Review Board at Centro Hospitalar do Porto

approved this study.

2.2 | HLA typing and mismatch determination

HLA intermediate resolution typing for HLA-A, HLA-B, HLA-C, HLA-
DRB1 and DQA1/DQB1 loci was performed for all pairs using re-
verse sequence-specific oligonucleotide (LABType® SSO typing kits,
One Lambda). HLA allelic typing for HLA-A, HLA-B, HLA-C, HLA-
DRB1/3/4/5 and HLA-DQA1/B1 loci was assigned based on the
observed National Marrow Donor Program (NMDP) code, linkage
disequilibrium and the most probable phase genotype for Caucasian
population frequencies using HaploStats (available via http://www.
haplostats.org/) and HLA eplet mismatch load, total and antibody-
verified eplets, was calculated using HLAMatchmaker software, ver-
sion 2.0. HLA antigen mismatch analysis was performed traditionally
by counting HLA-A, HLA-B, HLA-C, HLA-DRB1 and HLA-DQB1
broad and split HLA antigens.

2.3 | HLA antibody and DSA assignment

HLA antibodies were assessed on ethylenediaminetetraacetic acid
(EDTA) treated sera collected pre- and post-transplant using 1gG-
SAB assay based on Luminex Xmap® Technology (LABScreen®
Single Antigen kit, OneLambda). Mean fluorescence intensity (MFI)
of each bead was measured using LABScan™100 flow analyzer
(Luminex®). Positive reaction threshold for was considered a MFI
value of 21,000.

2.4 | Rejection diagnosis and treatment

Kidney graft rejection was defined as biopsy-proven, classified
according to Banff '17 classification (Haas et al., 2018). Antibody-
mediated rejection (AMR) was treated with pulse steroids, intra-
venous immunoglobulin 2 g/Kg (maximum 140 g) divided into 2-4
doses associated with plasmapheresis (at least 3-5 sessions) and
rituximab (single-dose of 375 mg/m?). Patients with dnDSA emer-
gence but without signs of graft dysfunction received no specific
treatment, besides optimization of tacrolimus (trough level 8-10 ng/
ml) and MMF dose.

2.5 | Induction protocol and maintenance
immunosuppression

Induction therapy was used in a majority of patients with an anti-1L-2
receptor antibody (Basiliximab Novartis®, 20 mg twice at day 0 and
4) or a polyclonal antithymocyte globulin (ATG Fresenius®, 3 mg/
kg for 5-7 days). ATG was primarily used in patients with high HLA
mismatch, previous transplant and/or those with high (>20%) cyto-
toxic panel reactive antibodies (PRA). All patients had similar triple
maintenance immunosuppression, consisting of tacrolimus or cyclo-

sporine, mycophenolate mofetil, and prednisolone.

2.6 | Statistical analysis

Continuous data were described using mean + standard devia-
tion (SD) or median (IQR), and categorical data were expressed as
number (and percentages). Categorical data were compared using
Pearson chi-square test or Fisher exact test, and continuous vari-
ables were compared with Student's t-test or Mann-Whitney U test,
as appropriate.

De novo DSA incidence and graft survival curves were visualized
using Kaplan-Meier method, with comparison between patients'
groups being done by log-rank test. In the case of death with a func-
tioning graft, time was censored at the time of death.

Potential predictors of dnDSA incidence and graft failure were
explored by univariate and multivariable Cox proportional hazards

models. Independent predictors were identified using a backward
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elimination method, with a p-value <.05 necessary for retention in
the model, as previously proposed (Heinze & Dunkler, 2017).

A 2-sided p-value <.05 was considered as statistically significant.
Statistical calculations were performed using STATA/MP, version
15.1 (Stata Corp).

3 | RESULTS

The clinical and immunological characteristics of the studied cohort
are described in Table 1. Thirty-two patients (33%) had preformed
anti-HLA antibodies of which eight (8%) were donor-specific. HLA
class | split and broad antigen mismatch (AgMM), EptMM and
EpvMM mean values were 3.28 + 1.91, 3.21 + 1.86, 13.0 + 8.1
and 7.6 + 4.8, respectively. The Pearson's correlation values were
0.821 (p <.001) and 0.771 (p < .001) between HLA split AgMM and
EptMM and EpvMM, 0.822 (p < .001) and 0.783 (p < .001) between
HLA broad AgMM and EpMM, total and AbVer, respectively. The
mean values for HLA class Il split and broad AgMM were 1.89 + 1.27
and 1.61 + 1.19. HLA class Il EptMM and EpvyMM mean values were
24.4 + 17.4 and 10.5 + 8.2, respectively. Pearson's correlation values
between HLA split AgMM and EpMM, total and AbVer, were 0.829
(p <.001) and 0.810 (p < .001), while HLA broad AgMM and EpMM
were 0.823 (p < .001) and 0.826 (p < .001).

Thirteen patients (14%) experienced one rejection episode, eight
cellular-mediated and five antibody-mediated rejections.

Six patients developed HLA class | dnDSA (Table 2). The in-
cidence of dnDSA for HLA class | at 6-years was 7%. No signif-
icant difference was found for HLA broad and split antigen and
total and AbVer eplet mismatches in dnDSA-I group compared to
the no dnDSA-I group (2.50 + 2.07 versus 3.26 + 1.85, p = .321;
2.83 + 1.94 versus 3.31 + 1.91, p = .509; 9.2 + 6.5 versus
13.3 £ 8.2, p=.256 and 4.7 + 2.6 versus 7.8 + 4.9, p = .101, re-
spectively). In a multivariate analysis, no predictors for dnDSA-I
were identified (Table 3).

Regarding HLA class Il, seven patients developed dnDSA during
follow-up time (Table 4). HLA class Il total and AbVer eplet mis-
matches were greater in dnDSA-II group compared to the no dnD-
SA-Il (41.3 + 18.9 versus 23.1 + 16.7,p = .018 and 18.0 + 8.7 versus
9.9 + 7.9, p = .041), which is not observed for HLA class Il antigen
broad and split mismatches (2.29 + 0.49 versus 1.56 + 1.22, p =.090
and 2.43 + 0.79 versus 1.84 + 1.30, p = .248). As expected, AMR
was greater within dnDSA-II group (3.0 versus 2.0; p = .002). The
incidence of dnDSA-II at 6 years was 17% (Figure 1). For HLA broad
antigen mismatch considering 0-1, 2 and 3-4 mismatches were 0%,
24% and 33%, respectively (p = .060)—Figure 1a. Regarding total
eplet mismatches, tercile intervals of less than 17, between 17
and 32, and higher than 32 were 0%, 13% and 41%, respectively
(p = .028)—Figure 1b. Finally, AbVer eplet mismatch load terciles of
less than 6, between 6 and 14, and higher than 14 were 0%, 4% and
42% (p = .006)—Figure 1c.

In a multivariate analysis, we found that preformed DSA
(HR = 7.983; 95%IC: 1.329-47.968; p = .023), living unrelated

o EYTRSRR

TABLE 1 Clinical and immunological characteristics of the

studied cohort (n = 96)

Follow-up (months), median (IQR)

Total
52.4(33.7-77.7)

Recipient age (years), mean + SD 40.8 +12.8
Donor age (years), mean + SD 494 +97
Female recipient, n (%) 32(33)
Female donor, n (%) 64 (67)
Living unrelated donor, n (%) 38 (40)
Dialysis vintage (months), median (IQR) 12.6 (0-24.1)
Preemptive KT, n (%) 32(33)
Retransplant, n (%) 10 (10)
Previous blood transfusion, n (%) 23 (24)
Previous pregnancy, n (%)? 14 (44)
Cytotoxic PRA (%), median (IQR) [Min-Max] 0(0-0) [0-77]
Cytotoxic PRA = 5%, n (%) 4 (4)
Virtual PRA (%), median (IQR) 0(0-20)
Induction, n (%)

No 1(1)

Basiliximab 88(92)

Antithymocyte globulin 7(7)
Calcineurin inhibitor, n (%)

Cyclosporine 0(0)

Tacrolimus 96 (100)
Anti-HLA antibodies, n (%) 32(33)
Preformed DSA, n (%) 8(8)
ABO-incompatible, n (%) 5(5)
Desensitized, n (%) 9(9)

ABOi, n 5

HLAI, n 4
HLA-I antigen broad MM, mean + SD 3.21+1.86
HLA-1I antigen broad MM, mean + SD 1.61 +1.19
HLA-I antigen split MM, mean + SD 3.28 +1.91
HLA-II antigen split MM, mean + SD 1.89 +1.27
HLA-I eplet total MM, mean + SD 13.0+8.1
HLA-1l eplet total MM, mean + SD 244+ 174
HLA-I eplet AbVer MM, mean + SD 7.6 +4.8
HLA-1I eplet AbVer MM, mean + SD 10.5+ 8.2
Biopsy-proven rejection, n (%) 13 (14)
Cellular, n 8
Antibody-mediated, n 5

Abbreviations: AbVer, antibody-verified; DSA, donor-specific
antibodies; HLA, human leucocyte antigen; HLA-I, HLA class |; HLA-II,
HLA class II; IQR, interquartile range; PRA, panel reactive antibodies;

SD, standard deviation.

2Analysis considering only women (n = 32).

donors (HR = 8.052; 95%IC: 1.313-49.394; p = .024) and retrans-
plantation (HR = 14.393; 95%IC: 1.946-106.441; p = .009) were
predictors for dnDSA-Il (AUC = 0.801; 95% Cl: 0.622-0.981)
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TABLE 2 Clinical and immunological characteristics considering
dnDSA for HLA class |

No dnDSA-| dnDSA-I
N =90 N=6 p
HLA-I antigen broad MM, 3.26 +1.85 2.50 + 2.07 321
mean + SD
HLA-I antigen split MM, 3.31+191 2.83+1.94 .529
mean + SD
HLA-1 eplet total MM, 13.3+8.2 9.2+6.5 .256
mean + SD
HLA-I eplet AbVer MM, 7.8 +4.9 4.7 +2.26 101
mean + SD
Acute cellular rejection, n (%) 7 (8) 1(17) 415
Antibody-mediated rejection, 5(6) 0 1
n (%)

Abbreviations: AbVer, antibody-verified; HLA-I, HLA class |; MM,
mismatches; SD, standard deviation.

TABLE 3 Multivariate models of dnDSA for HLA class |

HR 95% ClI p

Model 1

No predictor detected
Model 2

HLA-I eplet total MM
Model 3

HLA-I eplet AbVer MM
Model 4

HLA-I antigen broad MM
Model 5

HLA-I antigen split MM 0.975

0.942 0.841-1.054 .295

0.874 0.709-1.077 .207

0.903 0.559-1.458 676

0.617-1.543 915

Note: Model 1 included the following variables: recipient age and
gender, dialysis type and vintage, donor age and gender, unrelated living
donor, induction IS, retransplant, virtual PRA and preformed DSA, but
excluded HLA class Il eplet and antigen mismatches. Final model with
independent predictors was defined by stepwise backward selection

(p < .05 used for retention in the model). Models 2 to 5: univariate
(unadjusted) analysis for HLA-I total eplet MM, HLA-I AbVer eplet MM,
HLA-I antigen broad MM and HLA-I antigen split mismatch, respectively.

TABLE 4 Clinical and immunological characteristics considering
dnDSA for HLA class Il

No dnDSA-1l  dnDSA-II
N=289 N=7 p
HLA-Il antigen broad MM, 1.56 +1.22 2.29 +0.49 .090
mean + SD
HLA-II antigen split MM, 1.84 +1.30 243 +0.79 .248
mean + SD
HLA-II eplet total MM, mean + SD 23.1+16.7 41.3 +18.9 .018
HLA-II eplet AbVer MM, 0D 2= 7D 18.0+8.7 .041
mean + SD
Acute cellular rejection, n (%) 7(8) 1(14) 467
Antibody-mediated rejection, n (%) 2(2) 3(43) .002

Abbreviations: HLA-1I, HLA class II; MM, mismatches; SD, standard
deviation.

(a) Incidence of DSA-II by HLA-Il Ag MM

100
L

P for trend=0.060

7%
L

Incidence of DSA-II (%)

—

Years after transplant
Number at risk

AgMMO-1 43 37 19 12 9 2
AgMM2 31 27 14 2 1 0
AgMM3-4 22 18 9 4 1 0
HLA-Il ag MM
0-1 2 3-4
(b) Incidence of dnDSA-II by HLA-II Ep total MM
8 |

P for trend=0.028

Incidence of dnDSA-II (%)
50
L

Years after transplant
Number at risk

EpMM <17 31 23 13 9 6 1
EpMM 17.32 32 26 17 5 3 1
EpMM>32 33 27 12 4 2 0
HLA-Il ep MM
<17 17-32 — 332
(c) Incidence of dnDSA-II by HLA-II Ep verified MM
8 4

- P for trend=0.006

Incidence of dnDSA-II (%)
50

o B
0 2 4 6 8 10
Years after transplant
Number at risk
EpMM<6 31 23 14 9 5 1
EpMM6-14 27 20 13 “ 4 1
EpMM>14 38 a3 15 5 2 0
Ep MM
<6 614 >14

FIGURE 1 Incidence of dnDSA for HLA class Il considering (a)

antigen mismatches; (b) total eplet mismatches; and (c) antibody-
verified eplet mismatch load

(Table 5, Model 1). HLA class Il total and AbVer eplet mismatches
(HR = 1.042; 95%IC: 1.004-1.082; p = .031; AUC = 0.852 and
HR =1.105; 95%IC: 1.011-1.208; p = .028; AUC = 0.856) showed
to be superior predictors of dnDSA-II, when compared to broad
or split antigen mismatches (HR = 1.740; 95%IC: 0.877-3.452;
p = .113; AUC = 0.783 and HR = 1.677; 95%IC: 0.847-3.318;
p = .138; AUC = 0.818), when adjusted for Model 1(Table 5,
Model 3, 5, 7 and 9 respectively).
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TABLE 5 Multivariate models for dnDSA for HLA class .

Model 1
Preformed DSA
Living unrelated donor

Retransplant

Model 2

HLA-II eplet total MM, unadjusted
Model 3

HLA-1I eplet total MM, adjusted to Model 1
Model 4

HLA-II eplet AbVer MM, unadjusted
Model 5

HLA-1I eplet AbVer MM, adjusted to Model 1
Model 6

HLA-II antigen broad MM, unadjusted
Model 7

HLA-II antigen broad MM, adjusted to Model 1
Model 8

HLA-1I antigen split MM, unadjusted
Model 9

HLA-II antigen split MM, adjusted to Model 1

ISR\ i ey

Model

C-statistics
HR 95% Cl p (95% Cl)
7.983 1.329-47.968 .023 0.801 (0.622-0.981)
8.052 1.313-49.394 .024
14.393 1.946-106.441 .009
1.056 1.015-1.098 .007 0.755 (0.630-0.919)
1.042 1.004-1.082 .031 0.852(0.718-0.986)
1.141 1.042-1.249 .004 .738 (0.565-0.911)
1.105 1.011-1.208 .028 0.856 (0.726-0.748)
1.645 0.883-3.063 117 .659 (0.570-0.748)
1.740 0.877-3.452 113 .783(0.605-0.961)
1.458 0.804-2.643 .214 .590(0.498-0.683)
1.677 0.847-3.318 .138 .818 (0.628-1)

Note: Model 1 included the following variables: recipient age and gender, dialysis type and vintage, donor age and gender, unrelated living donor,
induction IS, retransplant, virtual PRA, preformed DSA, excluding HLA class Il eplet and antigen mismatches, were included. Final model with
independent predictors was defined by stepwise backward selection (p < .05 used for retention in the model); models 2, 4, 6 and 8: univariate
(unadjusted) analysis for each predictor; models 3, 5, 7 and 9: multivariate (adjusted for independent predictors detected in Model 1) analysis for

each predictor.

FIGURE 2 Kaplan-Meier graft survival

Graft survival curves by dnDSA-I status

Graft survival curves by DSA-II status

curve comparisons by dnDSA status & L & I_| \
2 T 2
§ £ ‘
2 8 H 8 4‘
& ® ‘
] 8
P = 0926 P < 0.001 ‘
° [ 2 4 6 8 10 ° [ 2 4 6 8 10
Years after transplant Years after transplant
Number at risk Number at risk
No dnDSA-1 90 87 48 23 13 2 No dnDSA-Il 89 86 48 24 15 3
dnDSA-l 6 6 5 5 3 1 dnDSA-Il 7 7 5 4 1 +]
[ No dnDSA-I dnDSA-I No dnDSA-II dnDSA-II J
. . o . . _—
TABLE 6 Multivariate model for allograft failure Six patients (6.25%) experienced graft failure deemed as alloim
mune-related. Overall graft survival was 79% at 9 years of follow-up
HR 95% Cl 2 (Figure 2). Graft survival was significantly lower within dnDSA-1I pa-
Rejection 16.026 1.420-180.887 .025 tients group (36% versus 88%, p < .001). No significant difference
dnDSA-1| 20.447 1.994-209.687 011 was observed for dnDSA-1 (83% versus 77%, p = .926).

Note: Multivariable model adjusted for recipient age and gender, donor
age and gender, living related versus unrelated donor, retransplant,
preformed DSA, virtual PRA, dnDSA-I.

Finally, in a multivariable model adjusted for recipient age and
gender, donor age and gender, living related versus unrelated donor,
retransplant, preformed DSA, virtual PRA (vPRA), dnDSA-I, we
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found that rejection episodes (HR = 16.026; 95%IC: 1.420-180.87;
p =.025)and HLA class Il dnDSA development (HR = 20.447; 95%IC:
1.994-209.687; p = .011) were independent predictors of allograft
failure (Table 6).

4 | DISCUSSION

Our study demonstrates that the number of HLA class Il, total and
particularly AbVer, eplet mismatch load were greater in dnDSA-II
group compared to no dnDSA-II, which is not verified when mis-
matches are determined traditionally considering the HLA class Il
broad or split molecule as a whole. Also, antibody-mediated rejec-
tion was significantly higher within HLA class Il dnDSA positive sub-
cohort (3.0 versus 2.0; p = .002).

We also demonstrated in a multivariate analysis that HLA class
Il total and AbVer eplet mismatch load were independent predictors
for HLA class Il dnDSA development (HR = 1.042; 95%IC: 1.004-
1.082; p =.031; AUC = 0.852 and HR = 1.105; 95%IC: 1.011-1.208;
p = .028; AUC = 0.856). This was not observed for HLA class Il
broad or split antigen mismatch that failed to achieve statistical
significance in the multivariate model (HR = 1.740; 95%IC: 0.877-
3.452; p =.113; AUC = 0.783 and HR = 1.677; 95%IC: 0.847-3.318;
p =.138; AUC = 0.818).

On the other hand, neither HLA class | broad and split antigen
or HLA class | total or AbVer eplet mismatch load had any predic-
tive value for HLA class | dnDSA, in our cohort. This was already
demonstrated by several studies using total eplet mismatch anal-
ysis, (Duquesnoy, 2017a; Duquesnoy & Askar, 2007; Kishikawa
et al.,, 2018; Snanoudj et al., 2019; Tafulo et al., 2019; Wiebe
et al., 2013). Several authors have reported that dnDSAs are mainly
HLA class Il and donor-specific dnDSA against HLA class Il are asso-
ciated with worse prognosis, when compared to HLA class | (Hidalgo
et al., 2009; Wiebe et al., 2012). Although the reason for this is un-
clear, a number of mechanisms have been postulated such us dif-
ferent regulation of antibody response and different expression of
the target antigen (Wiebe et al., 2012). Despite this, as HLA class |
DSAs are also associated with graft rejection and failure, the clini-
cal relevance of HLA class | eplet mismatch load should be further
investigated.

The major limitation of our study is due to the sample size but,
on the other hand, is a very uniform cohort of living donors, younger
patients under uniform immunosuppression therapy. Another limita-
tion is the absence of high-resolution typing for HLA eplet mismatch
analysis. However, Fidler et al have showed in a Caucasian cohort
that two-field typing prediction based on two-digit typing is reliable
calculation (Fidler et al., 2018).

We believe it urges the application of this molecular mismatch
approach on routine practice to minimize the risk for developing
HLA class Il de novo DSA, improving outcome and especially not
shutting down forever the possibility of a retransplant due to broad
HLA allosensitization. For these reasons, HLA eplet mismatch anal-

ysis should be implemented in the near future, not only for direct

living donation, but also in kidney paired exchange programmes
(Ferrari et al., 2017), to assess risk following minimization of immu-
nosuppression (Snanoudj et al., 2019), and to improve allocation sys-

tems within deceased donation (Duquesnoy, 2017b).
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ABSTRACT

Background: HLA mismatching is a well known risk factor for worst outcomes in kidney transplantation.
Methods: In the present study, HLA antigen and eplet mismatches were determined in 151 living donor-recipient
pairs transplanted between 2007 and 2014 and rejection episodes and graft survival were evaluated.

Results: We found that high HLA-II eplet mismatch load (EpMM = 13, versus low EpMM < 5), was an in-
dependent predictor of AMR (adjusted HR = 14.839; P = 0.011), while HLA-II AgMM was not. We also showed
that HLA-II EpMM load was a significant better predictor of AMR than AgMM (c-statistic = 0.064; P = 0.023).
After discriminating HLA-II into HLA-DR and HLA-DQ loci we demonstrated that high versus low eplet mismatch
load for HLA-DR (T3 = 6 versus T = 0-1, p = 0.013) and HLA-DQ (T3 = 7 versus T = 0-1, p = 0.009) are in-
dependent predictors for AMR.

HLA-II EpMM increased discrimination performance of the classical HLA-II AgMM risk model (IDI, 0.061,
95%CI: 0.005-0.195) for AMR. Compared with AgMM, HLA-II eplet model adequately reclassified 13 of 17
patients (76.5%) with AMR and 92 of 134 patients (68.7%) without AMR (cfNRI, 0.785, 95%CI: 0.300-1.426).
Conclusions: Our study evidences that eplet-based matching is a refinement of the classical HLA antigen mis-
match analysis in LDKT and is a potential biomarker for personalized assessment of alloimmune risk.

1. Introduction DRp1,3/4,5 and DQa;/B; haplotypes [5]. Notwithstanding, the strong

linkage disequilibrium between HLA-DR and HLA-DQ antigens [6], and

Human leukocyte antigens (HLA) matching has been associated
with better kidney graft survival for more than 30 years [1,2] and HLA-
ABDR loci have been used in deceased donors (DD) kidneys allocation
algorithms worldwide [3,4]. Moreover, HLA-DR antigen matching
seems to be more beneficial in terms of long-term graft survival, when
compared to HLA class I antigens, possibly as a result from matching at

different HLA-DRf; alleles within an antigen group that may be asso-
ciated with different DQa;/f; antigens, result in different degrees of
matching with subsequent distinct outcomes [7].

The outstanding importance of HLA matching in the field of trans-
plantation led HLA typing to evolve greatly from serology-based
methods to molecular typing techniques, which allowed the

Abbreviations: A, Angstroms; AAMM, aminoacid mismatch; Ag, antigen; AgMM, antigen mismatches; AMR, antibody-mediated rejection; AR, acute rejection; ATG,
antithymocyte globulin; CDC, complement-dependent cytotoxicity; CI, confidence interval; CMR, cellular mediated rejection; cPRA, calculated PRA; CV, coefficient
of variability; DD, deceased donors; DESA, donor epitope specific antibodies; DGF, delayed graft function; dnDSA, de novo DSA; DSA, donor-specific antibodies; eGFR,
estimated glomerular filtration rate; EMS, electrostatic mismatch score; EpMM, eplet mismatches; GF, graft failure; HLA, human leukocyte antigens; HLA-I, HLA class
I; HLA-II, HLA class II; HMS, hydrophobicity mismatch score; HvG, host-versus-graft; IDI, integrated discrimination improvement; IQR, interquartile range; IVIg,
intravenous immunoglobulin; KPD, kidney paired donation; LDKT, living donor kidney transplantation; MFI, mean fluorescence intensity; MM, mismatches; NIH,
National Institute of Health; NMDP, National Marrow Donor Program; NRI, net reclassification index; PRA, panel reactive antibodies; RT, room temperature; SAB,
single-antigen bead; sCr, serum creatinine; SD, standard deviation; SPA, solid phase assays; TAC, tacrolimus; vXM, virtual crossmatching
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identification of more than 23,000 alleles so far (release 3.37.0 of the
IPD-IMGT/HLA Database, 2019-07). This exponential increase of HLA
alleles makes impracticable to perform allelic matching in kidney
transplantation, as well as donor-specific antibodies (DSA) definition
and accurate virtual crossmatching (vXM), as single-antigen bead (SAB)
assay platforms usually only support 100 HLA antigen coated micro-
particles [8]. For this reason, kidney allocation is usually done con-
sidering HLA broad antigens (Ag) mismatches (MM) in host-versus-graft
(HvG) direction. Recent published studies have shown that this limited
strategy, that defines two HLA antigens as matched or unmatched for
each HLA locus, may be rendered more precise using HLA epitope
matching described by Rene Duquesnoy [9-12].

This in-silico theoretical approach considers each HLA antigen as a
string of polymorphic aminoacid residues within 3.0-3.5 Angstroms (A)
at the molecule surface, capable of ensuing alloantibody recognition
and reactivity, termed functional epitopes or eplets. Patients HLA an-
tigens represent the self-repertoire of eplets against which no antibodies
are developed. HLA eplets can be private, if restricted to a single HLA
antigen, or public if shared by multiple HLA antigens. Such public
epitopes result in both intra- and inter-locus cross-reactions, identified
many years ago as HLA cross-reactive groups [13], explaining the de-
velopment of non-DSA, albeit donor epitope specific antibodies (DESA).

HLA matchmaker has been used worldwide by several groups that
demonstrated that HLA eplet mismatch load (EpMM) is associated with
the emergence of de novo DSA (dnDSA), acute rejection (AR), transplant
glomerulopathy and graft failure (GF) [14-18]. This strategy for
matching assessment is also important in serum analysis and identifi-
cation of acceptable mismatches for highly sensitized patients awaiting
kidney transplantation [19,20] and may also be a precious tool for
immunosuppression minimization, safely reducing its adverse effects
[21].

Although HLA matching importance has been mainly studied in
deceased donation, improvements in matching strategies within living
donor kidney transplantation (LDKT) are fundamental since the ma-
jority of transplants are performed with unrelated donors [22]. Besides,
in patients with poorly matched living donors, kidney paired donation
(KPD) programs should be considered, to allow for a better HLA mat-
ched transplant [23]. The possibility that HLA matching at epitope level
would improve alloimmune risk prediction in LDKT is an attractive one
and merits further investigation.

Hence, this study aimed to explore if HLA eplet mismatch load,
defined by HLAmatchmaker algorithm, could significantly improve the
prediction of acute rejection (T-cell [24] and antibody-mediated) in
comparison with the ‘classical’ approach at antigen level, in a cohort
LDKT recipients.

2. Materials and methods
2.1. Study population

We retrospectively analyzed 157 ABO-compatible consecutive LDKT
between January 1, 2007 and December 31, 2014 performed in
Hospital Santo Anténio — Centro Hospitalar Universitario do Porto.
Patients with early graft loss within the first 30 days post-transplant
(n = 4, all losses were deemed technical) or without DNA based HLA
typing (n = 2) were excluded, defining the remaining 151 LDKT re-
cipients as the studied cohort. Median follow-up after transplant was
70.1 (56.2-104.2) months.

2.2. HLA typing and mismatch analysis

HLA intermediate resolution typing for HLA class I and class II
(HLA-I + 1I) was performed for all pairs using reverse sequence-specific
oligonucleotide (LABType® rSSO typing kits, One Lambda, Canoga
Park, CA, USA). HLA allelic typing for HLA-A, -B, -C, -DRg1,3,4/5 and
-DQq1,p1 loci was assigned based on the observed National Marrow
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Donor Program (NMDP) code, linkage disequilibrium and Caucasian
population frequencies using HaploStats (available via http://www.
haplostats.org/), a web-based application provided by the NMDP
Bioinformatics Group for imputation of high resolution HLA genotypes
[25,26].

Classical HLA-I + II broad antigen mismatches (AgMM) were de-
termined by counting HLA-I + II AgMM for HLA-A, -B, C, -DRf; and
-DQf;, in HvG direction. On the other hand, HLA eplet mismatch load
was defined with allelic typing, allowing the quantification of intra- and
interlocus mismatched eplets between donor and recipient alleles. To
assess this, HLAMatchmaker software HLA-ABC matching version v02
and HLA DRDQDP matching version v02.1, available at http://www.
epitopes.net/downloads.html, was used. Antigen level mismatch for
HLA class I (HLA-I) and HLA class I (HLA-II) were analyzed as a con-
tinuous variable. EpMM for HLA-I and HLA-II were analyzed both as
continuous variables and as categories defined by their terciles: T1
(EpMM < 5) as low, T2 (5 < EpMM < 10) as moderate and T3
(EpMM = 10) as high HLA-I EpMM load and T1 (EpMM < 5) as low, T2
(5 < EpMM < 13) as moderate and T3 (EpMM = 13) as high HLA-II
EpMM load. HLA-DR and HLA-DQ were also analyzed separately as
terciles: T1 (EpMM < 1) as low, T2 (2 < EpMM < 5) as moderate and
T3 (EpMM = 6) for HLA-DR and T1 (EpMM < 1) as low, T2
(2 < EpMM < 6) as moderate and T3 (EpMM = 7) for HLA-DQ.

2.3. Anti-HLA antibodies assays

Patients in active waiting list are studied periodically to assess their
HLA alloimmunization status with cellular and solid-phase assays
(SPA). The cellular assay consists in standard complement-dependent
cytotoxicity (CDC) National Institute of Health (NIH) crossmatch, using
a home-made cell panel composed by 45-50 donors with known HLA
typing, to test Dithiothreitol -treated and untreated patient’s sera. This
assay allows the determination of cytotoxic PRA, considered positive if
higher than 5%, and identification of complement-fixing HLA anti-
bodies.

SPA were carried out using coded-colour microbeads coated with
purified class I or class II HLA antigens based on Luminex Xmap®
Technology (LABScreen® Mixed kit, OneLambda, Canoga Park, CA,
USA). Briefly, anti-HLA antibodies present in patient sera will bind to
HLA antigens on the beads after 30 min incubation at room temperature
(RT). After three washes antibody-antigen complexes are labeled with
100 pL of 1:100 R-Phycoerythrin-conjugated goat anti-human IgG (One
Lambda Inc.) during a second 30 min at RT. incubation. After two final
washes, mean fluorescence intensity (MFI) of each bead was measured
using a LABScan™ 100 flow analyzer (Luminex, Austin, TX). Patients
with a pretransplant positive screening for anti-HLA antibodies were
tested with SAB assays using 6% ethylenediaminetetraacetic acid
treated sera (LabScreen Single Antigen Beads®, OneLambda, Canoga
Park, CA). The analysis was performed using HLAfusion™ software,
version 3.4, and MFIs higher than 1,000 are considered positive, as
widely reported. MFImax refers to the highest MFI level of all detected
DSA. Calculated PRA (cPRA) was assessed with the online calculator at
Eurotransplant website (http://www.etrl.org/Virtual%20PRA/Default.
aspx), considering all antibody specification results available for each
patient. Evaluation of post-transplant DSA status was only performed as
clinically-driven, at time of graft dysfunction or proteinuria appearance
or increase. All patients with acute rejection episodes had DSA status
checked at time of rejection diagnosis.

All patients were tested negative for CDC crossmatch, using T and B
lymphocytes separated with magnetic beads (Dynabeads™ HLA class
Iand class II, Invitrogen™ Carlsbad, CA, USA), directed from donor
peripheral blood.

2.4. Clinical data

Data regarding recipient and donor characteristics, and pre- and
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Table 1

Demographics, clinical and immunological characteristics of the studied cohort.
All cohort No AR AR P
N =151 N =118 N =33

Follow-up (months), median (IQR) 70.1 (56.2-104.2) 81.6 (54.7-107.2) 77.4 (62.0-89.9) 0.712

Recipient age (years), mean + SD 38.2 = 13.2 38.4 + 13.7 376 = 11.4 0.762

Donor age (years), mean *= SD 46.9 = 10.2 47.6 = 10.6 443 = 7.9 0.108

Female recipient, n (%) 50 (33) 36 (31) 14 (42) 0.199

Female donor, n (%) 110 (73) 86 (73) 24 (73) 0.986

Living unrelated donor, n (%) 54 (36) 38 (32) 16 (49) 0.085

HLA share haplotype, n (%)* 0.321
0 13 (13) 11 14) 2(12)

1 75 (77) 60 (75) 15 (88)
2 9(9) 9(11) 0(0)

Dialysis vintage (months), median (IQR) 11 (0-27) 9 (0-25) 20 (3-57) 0.030

Preemptive KT, n (%) 38 (25) 33 (28) 5 (15) 0.134

Retransplant, n (%) 17 (11) 11 (9) 6 (18) 0.209

Previous blood transfusion, n (%) 41 (27) 28 (24) 13 (39) 0.074

Previous pregnancy, n (%)” 25 (50) 19 (53) 6 (43) 0.529

Cytotoxic PRA (%), median (IQR) 0 (0-0) [0-80] 0 (0-0) [0-20] 0 (0-0) [0-80] 0.447

Cytotoxic PRA = 5%, n (%) 13 (9) 7 (6) 6 (18) 0.038

Calculated PRA (%), median (IQR) 0 (0-0) 0 (0-0) 0 (0-31) 0.009

Induction, n (%) 0.090
No 13 (9) 11 (9) 2(6)

Basiliximab 127 (84) 101 (86) 26 (79)
ATG 11 (7) 6 (5) 5 (15)

Calcineurin inhibitor, n (%) 0.296
Cyclosporine 12 (8) 8 (7) 4 (12)

Tacrolimus 139 (92) 110 (93) 29 (88)

Anti-HLA antibodies, n (%) 26 (17) 15 (13) 11 (33) 0.006

DSA, n (%) 13 (9) 6 (5) 7 (21) 0.008
Desensitized, n (%)° 6 (46) 3 (50) 3 (43) 1

HLA-I + II AQMM, mean *+ SD 479 + 2.53 4.55 + 2.58 5.67 + 2.19 0.015

HLA-I AgMM, mean * SD 3.15 * 1.64 3.03 = 1.68 3.58 + 1.44 0.107

HLA-II Ag MM, mean + SD 1.64 = 1.16 1.52 + 1.16 2.09 = 1.04 0.008
HLA-DR antigen MM, mean * SD 0.93 *+ 0.66 0.85 = 0.65 1.21 + 0.65 0.006
HLA-DQ antigen MM, mean + SD 0.72 = 0.62 0.67 = 0.63 0.88 = 0.55 0.061

HLA-I + II EpMM, mean * SD 16.8 = 10.7 15.5 + 10.7 21.2 = 9.4 0.003

HLA-I + II EpMM terciles, n (%) 0.008
T1: 0-10 54 (36) 49 (42) 5 (15)

T2: 11-20 48 (32) 37 (31) 11 (33)
T3: =21 49 (33) 32 (27) 17 (52)

HLA-I EpMM, mean = SD 7.5 = 4.6 7.1 = 4.8 8.6 = 3.5 0.101

HLA-I EpMM terciles, n (%) 0.259
T1: 0-5 50 (33) 43 (36) 7 (21)

T2: 6-9 51 (34) 38 (32) 13 (39)
T3: =10 50 (33) 37 (31) 13 (39)

HLA-II EpMM, mean * SD 93 =77 8.4 +77 127 £ 7.2 0.001
HLA DR epitope MM, mean + SD 3.9 + 3.8 3.6 = 3.7 51 + 41 0.035
HLA DQ epitope MM, mean * SD 54 = 5.1 48 = 5.0 7.6 = 5.0 0.005

HLA-II EpMM terciles, n (%) 0.008
T1: 0-5 54 (36) 49 (42) 5 (15)

T2: 6-12 48 (32) 37 (31) 11 (33)
T3: =13 49 (33) 32 (27) 17 (52)

HLA DR epitope MM terciles, n (%) 0.020
T1: 0-1 54 (36) 49 (42) 5 (15)

T2: 2-5 50 (33) 36 (31) 14 (42)
T3: =6 47 (31) 33 (28) 14 (42)

HLA DR epitope MM terciles, n (%) 0.041
T1: 0-1 49 (32) 44 (37) 5(15)

T2: 2-6 46 (30) 35 (30) 11 (33)
T3=7 56 (37) 39 (33) 17 (52)

Last SCr (mg/dl)”, median (IQR) 1.31 (1.10-1.53) 1.29 (1.07-1.49) 1.38 (1.19-2.29) 0.029

Last eGFR (ml/min)’, median (IQR) 59.8 (49.2-72.5) 61.0 (51.9-74.9) 50.0 (31.1-68.5) 0.003

Last proteinuria (g/g)’, median (IQR) 0.1 (0.1-0.3) 0.1 (0.1-0.3) 0.2 (0.1-1.0) 0.001

Graft failure, n (%) 9 (6) 2 (2) 7 (21) < 0.001

HLA, human leukocyte antigen; HLA-I, HLA class I; HLA-II, HLA class II; NDSA, non-donor-specific antibodies; DSA, donor-specific antibodies; Ep, eplet; Ag, antigen;
MM, mismatches; SD, standard deviation; IQR, interquartile range; PRA, panel reactive antibodies, Anti-IL2R-Ab, anti-interleukin-2 receptor antibody; ATG, anti-
thymocyte globulin; CsA, cyclosporine; sCr, serum creatinine; eGFR, estimated glomerular filtration rate.

# Analysis considering only women (n = 50);

* Analysis considering only LRD (n = 97).

§ Analysis considering only patients with preformed DSA (n = 13);

‘' Analysis considering only patients with functioning graft at the end of follow-up (n = 140).
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post-transplantation variables were collected retrospectively. Graft
biopsies were performed for cause only, when in the presence of pro-
longed delayed graft function (DGF), a rise in serum creatinine (sCr,
mg/dl) by more than 20% compared with previous measurements and/
or increased levels of proteinuria (g/g). All patients were followed-up
from time of transplant until death, GF defined as return to dialysis or
retransplant or June 30, 2018. Graft survival was analyzed considering
GF censored for death with a functioning graft. For patients with a
functioning graft at the end of follow-up, the last value of sCr, estimated
glomerular filtration rate (eGFR, ml/min) and proteinuria were regis-
tered. eGFR was evaluated using the 2006 Modification of Diet in Renal
Disease equation [27].

969

2.5. Induction protocol and maintenance immunosuppression

Induction therapy was used in a majority of patients (91%), with an
anti-IL-2 receptor antibody (Basiliximab Novartis®, 20 mg twice at day
0 and 4) or a polyclonal antithymocyte globulin (ATG Fresenius®, 3 mg/
kg for 5-7 days). ATG was primarily used in highly sensitized re-
transplants patients (7%). All patients had similar triple maintenance
immunosuppression, consisting of a calcineurin inhibitor, tacrolimus
(TAC) or cyclosporine, mycophenolate mofetil or azathioprine, and
prednisolone. No immunosuppression minimization strategy was im-
plemented in these patients.
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2.6. Rejection diagnosis and treatment

Graft rejection was defined as biopsy proven rejection (specimens
were evaluated by light microscopy and immunofluorescence staining
for C4d) and classified according to Banff classification updated in 2017
[28]. Mild acute cellular mediated rejection (CMR Banff grade I) was
treated with pulse steroids (500 mg methylprednisolone for 3 days) and
increased maintenance immunosuppression. All other acute CMR were
treated with ATG. All patients with antibody-mediated rejection (AMR)
were treated with plasmapheresis every other day and intravenous
immunoglobulin (IVIg) 100 mg/kg after each session; per protocol, the
number of plasmapheresis sessions was 4. After the last plasmapheresis
session, every patient received high-dose IVIg (2 g/kg) divided in four
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daily doses and one dose of rituximab (375 mg/mz); a similar dose of
IVIg (2 g/kg) was repeated 1 month later.

2.7. Statistical analysis

Continuous data were described using mean (standard deviation,
SD) or median (interquartile range, IQR) and categorical data were
expressed as numbers (frequencies). The distributions of continuous
variables were analyzed using Kolmogorov-Smirnov test. Categorical
data including demographic, clinical and immunological features were
compared using Pearson 2 test or Fisher’s exact test, as appropriate.
Continuous variables were compared with Student t-test or
Mann-Whitney U test, as appropriate. Graft survival curves were vi-
sualized using Kaplan-Meier method, with comparison between pa-
tients' groups being done by log-rank test.

Independent predictors of acute CMR and AMR were explored by
univariate and multivariable Cox regression. The model used for the
multivariable analyses included only those variables presenting a uni-
variate P-value < 0.1. Then, we assessed the difference in the pre-
dictive capacity for TCMR and AMR of HLA antigen mismatch (as a
continuous variable) and EpMM load (categorized in terciles) sepa-
rately, considering two multivariable models adjusted for the same
covariates. Afterwards, a detailed analysis was performed for HLA-II
discriminating HLA-DR and HLA-DQ loci according to rejection status.
Harrell c statistic was estimated for each model; c-statistic estimations
were repeated 1000 times using bootstrap samples to derive 95%
confidence intervals (CIs) and assess the difference in the c statistic
between the models with its 95%CI. We used category-free net re-
classification index (NRI) and integrated discrimination improvement
(IDI) to assess the improvement of EpMM in comparison with antigen
mismatch based models for the prediction of CMR and AMR. Models
calibration and goodness of fit were assessed by visual examination of a
calibration plot.

A two-sided P-value of < 0.05 was considered as statistically sig-
nificant. Statistical calculations were performed using SPSS, version
23.0 (SPSS Inc., Chicago, IL, USA) and Stata/MP, version 14.1 (Stata
Corp, College Station, TX).

3. Results
3.1. Cohort baseline characteristics

The studied cohort included 151 recipients of LDKT between
January 1, 2007 and December 31, 2014. Thirty-three patients ex-
perienced that least one AR episode (21.9%) during median follow-up
time after transplantation of 70.1 (IQR, 56.2-104.2) months. AR epi-
sodes were classified according to last Banff classification as CMR
(n=16) and AMR (n =17). The median time untii CMR was
1.4months (IQR: 0.2-51.4) [range: 0.1-118.1] and untili AMR
6.3 months (IQR: 0.3-36.3) [range: 0.2-75.4].

Baseline clinical and immunological characteristics are presented in
Table 1. At transplant, patients that came to experience AR were more
sensitized, with higher cytotoxic and calculated PRA values (P = 0.038
and P = 0.009), with longer dialysis vintage time (P = 0.030) and, as
expected, more preformed DSA (P = 0.008).

Merely 9% of related LDKT were a HLA full identical match, that is,
94% of the patients were transplanted with HLA mismatches. The
median number of HLA-I + II AgMM was 4.79 + 2.53 (range 0-10),
being significantly higher within AR sub-cohort (5.67 %= 2.19,
P = 0.015). The median number of HLA-I + II EpMM was 16.8 = 10.7
(range 0-53), which was significantly higher on AR patients
(21.2 = 9.4, P = 0.003). The mean number of HLA-II AgMM and
EpMM were higher in AR patient group (2.09 * 1.04 versus
1.52 = 1.16, P = 0.008 and 12.7 = 7.2versus 8.4 = 7.7, P = 0.001),
while the mean number of HLA-I AgMM and EpMM was similar be-
tween both groups. HLA-II EpMM analyzed as terciles groups with low,
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Table 2
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Univariate and multivariate analysis for each predictor for cellular-mediated rejection (n = 16).

Univariate analysis

Multivariate analysis*

HR 95% CI P HR 95% CI P
Recipient age, per 1-year increase 0.991 0.955-1.029 0.647
Donor age, per 1-year increase 0.981 0.934-1.030 0.432
Female (vs male) recipient 2.110 0.791-5.631 0.136
Female (vs male) donor 0.855 0.297-2.465 0.772
Living unrelated (vs related) donor 2.296 0.830-6.355 0.109
Dialysis vintage, per 1-month increase 1.003 0.995-1.010 0.493
Retransplant 1.917 0.546-6.731 0.310
Cytotoxic PRA = 5% 1.362 0.309-6.001 0.683
ATG induction 3.039 0.861-10.731 0.084
Tacrolimus (vs. cyclosporine) use 0.441 0.122-1.597 0.212
Anti-HLA antibodies 1.768 0.568-5.502 0.325
DSA, n (%) 0.762 0.100-5.782 0.792
HLA-T antigen MM, per unit increase 1.282 0.934-1.758 0.124 1.267 0.919-1.747 0.149
HLA-II antigen MM, per unit increase 1.385 0.898-2.137 0.141 1.310 0.840-2.044 0.223
HLA-I epitope MM
T1: 0-5 Ref. Ref.
T2: 6-9 1.426 0.402-5.058 0.583 1.777 0.480-6.575 0.389
T3: =10 1.697 0.475-6.059 0.415 1.988 0.541-7.304 0.301
HLA-II epitope MM
T1: 0-5 Ref. Ref.
T2: 6-12 1.499 0.402-5.582 0.547 1.401 0.373-5.259 0.617
T3: =13 2.158 0.629-7.397 0.221 1.746 0.476-6.403 0.400

HLA, human leukocyte antigen; PRA, panel reactive antibodies; DSA, donor-specific antibodies; HLA-I, HLA class I; HLA-II, HLA class II; MM, mismatches; Ep, eplet;

Ag, antigen; ATG, anti-thymocyte globulin; HR, hazard ratio.

* Adjusted for ATG induction; HLA-I/II mismatches were analyzed individually as predictors of CMR.

Table 3
Univariate analysis for each predictor for antibody-mediated rejection (n = 17).
HR 95% CI P

Recipient age, per 1-year increase 1.005 0.970-1.041 0.789
Donor age, per 1-year increase 0.972 0.928-1.018 0.233
Female (vs male) recipient 1.130 0.418-3.056 0.810
Female (vs male) donor 1.273 0.415-3.904 0.673
Living unrelated (vs related) donor 1.662 0.640-4.314 0.296
Dialysis vintage, per 1-month increase 1.004 0.998-1.011 0.170
Retransplant 1.829 0.525-6.367 0.343
Cytotoxic PRA = 5% 3.564 1.161-10.944 0.026
ATG induction 1.790 0.409-7.830 0.439
Tacrolimus (vs cyclosporine) use 1.388 0.184-10.466 0.751
Anti-HLA antibodies 3.879 1.469-10.244 0.006
DSA, n (%) 7.113 2.615-19.344 < 0.001
HLA-I AgMM, per unit increase 1.135 0.847-1.522 0.396
HLA-II AgMM, per unit increase 1.510 1.004-2.268 0.048
HLA-I EpMM

T1: 0-5 Ref.

T2: 6-9 2.317 0.599-8.963 0.224

T3:=10 2.474 0.639-9.575 0.190
HLA-II EpMM

T1: 0-5 Ref.

T2: 6-12 7.200 0.867-59.816 0.068

T3: =13 11.809 1.511-92.271 0.019

HLA, human leukocyte antigen; PRA, panel reactive antibodies; DSA, donor-
specific antibodies; HLA-I, HLA class I; HLA-II, HLA class II;

AgMM, number of antigen mismatches; EpMM, number of eplet mismatches;
Ag, antigen; ATG, anti-thymocyte globulin; HR, hazard ratio.

moderate and high EpMM load, also showed significant differences
between patients with or without AR (P = 0.008).

One hundred and forty (92.7%) patients remained with a func-
tioning graft at the end of follow-up. In this group, those in whom AR
occurred had higher SCr (P = 0.029), eGFR (P = 0.003) and protei-
nuria (P = 0.001).

3.2. Associations between HLA broad antigen, eplet mismatches and
rejection episodes

As expected, there was a close correlation between the number of
broad antigens and the number of eplet mismatch load for HLA-I and
HLA-II, with Pearson’s r-values of 0.775 (P < 0.001) and 0.799
(P < 0.001), respectively (Fig. 1).

HLA antigen and EpMM association with rejection episodes, con-
sidering no rejection, CMR and AMR episodes are shown in Fig. 2. Only
HLA-II antigen and EpMM were correlated with AMR, when compared
to no rejection group (HLA-II antigen with AMR, 2 (2-3), P = 0.014 vs.
no rejection, 2 (1-2), HLA-II EpMM with AMR, 15 (10-18), P = 0.002
vs. no rejection, 8 (1-14)).

3.3. Incidence curves of antibody-mediated rejection by HLA-II eplet
mismatch

The adjusted cumulative incidence curve for AMR is shown in Fig. 3.
The incidence of AMR in patients transplanted with low, moderate and
high HLA-II EpMM load were respectively 2%, 13% and 22%, at
96 months (P = 0.003) (Fig. 3A). Considering only patients with no
more than two antigen mismatches in HLA-II (n = 123) (Fig. 3B), in-
cidence of AMR in patients transplanted with low, moderate and high
HLA-II EpMM load were respectively 2%, 14% and 13%, at 96 months
(P = 0.036). Finally, considering only patients with no preformed DSA
(n = 138) (Fig. 3C), AMR incidence for patients transplanted with low,
moderate and high HLA-II EpMM load tercile were respectively 2%, 5%
and 20% at 96 months (P = 0.013).

3.4. Independent predictors of cellular and antibody-mediated rejection

In univariate analysis, no variable was significantly associated with
CMR. Multivariate analysis adjusted to ATG induction (the single
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Table 4
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Multivariate analysis of each predictor of antibody-mediated rejection separately, all adjusted for the variables with a p-value < 0.1 in the univariate analysis.

HR 95% CI P AIC BIC c-statistics Mean difference* (95% CI)
(95% CI)
HLA-I Ep MM
T1: 0-5 Ref. 163.4 178.5 0.707 0.046
T2: 6-9 2.196 0.565-8.530 0.256 (0.572-0.842) (—0.079 to 0.171)
T3: =10 2.106 0.541-8.197 0.283
HLA-I Ag MM, per unit increase 1.120 0.830-1.511 0.457 162.5 174.6 0.661 P =0.472
(0.507-0.815)
HLA-II Ep MM
T1: 0-5 Ref. 153.1 168.2 0.785 0.064
T2: 6-12 7.753 0.929-64.724 0.059 (0.675-0.895) (0.009-0.119)
T3:=13 14.839 1.846-119.282 0.011
HLA-II Ag MM, per unit increase 1.377 0.913-2.076 0.127 160.7 172.8 0.721 P =0.023

(0.596-0.847)

HLA, human leukocyte antigen; HLA-I, HLA class I; HLA-II, HLA class II; MM, mismatches; Ep, eplet; Ag, antigen; HR, hazard Ratio; AIC, area under the curve; BIC,

bayesian information criterion.

* Percentile 95% Cls for c statistics were derived using 1000 bootstrap samples. The differences in c statistics were replicated 1000 times using bootstrap samples

to derive 95% ClIs.
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Fig. 4. Comparison of HLA-DR and HLA-DQ eplet mismatches according to
rejection status (significant differences are shown).

variable with the defined threshold of p-value < 0.1) showed that
neither antigen nor eplet mismatch load at HLA-I or HLA-II (Table 2)
were independent predictors of CMR.

In univariate analyses, AMR predictors were: positive cytotoxic PRA
(HR = 3.564; P = 0.026), preformed anti-HLA antibodies (HR = 3.879;
P = 0.006), preformed DSA (HR = 7.113; P < 0.001), HLA-II Ag MM
(HR per unit increase = 1.510; P = 0.048), HLA-II EpMM moderate load
(versus patients with low HLA-II EpMM load, HR = 7.200; P = 0.068)
and patients with high HLA-II EpMM load (versus patients with low
HLA-II EpMM load, HR = 11.809; P = 0.019) (Table 3).

In the multivariate analysis neither EpMM nor antigen mismatch for
HLA-I was associated with AMR. Differently, high (EpMM = 13) versus
low (EpMM < 5) HLA-II eplet mismatch load, was an independent
predictor of AMR (adjusted HR = 14.839; P = 0.011), while HLA-II
antigen mismatch was not. The mean difference in the c statistic be-
tween EpMM load and antigen mismatch for HLA-II based risk models
was 0.064 (P = 0.023), showing that the former was a significant better
predictor of AMR than the latter (Table 4).

3.5. Multivariate analysis of each predictor for CMR and AMR occurrence

As we demonstrated in the multivariated analysis only HLA-II
EpMM is an independent predictor for AMR. As such, we performed a

Table 5

Multivariate analysis of each predictor for CMR and AMR occurrence (adjusted
for variables with a p-value < 0.1 in the univariate analysis as shown in Tables
2 and 3).

HR 95% CI P
Cellular-mediated rejection
HLA-DR EpMM 0.802
T1: 0-1 Ref.
T2: 2-5 2.107 0.630-7.049 0.226
T3 =6 0.763 0.165-3.521 0.729
HLA-DQ EpMM 0.564
T1: 0-1 Ref.
T2: 2-6 2.357 0.598-9.293 0.221
T3=7 1.678 0.409-6.874 0.472
Antibody-mediated rejection
HLA-DR EpMM 0.013
T1: 0-1 Ref.
T2: 2-5 6.188 0.734-51.899 0.093
T3 =6 10.079 1.273-79.808 0.029
HLA-DQ EpMM 0.009
T1: 0-1 Ref.
T2: 2-6 1.559 0.281-8.655 0.611
T3=7 5.943 1.272-27.760 0.023

CMR, cellular-mediated rejection; AMR, antibody-mediated rejection; HLA,
human leukocyte antigen; EpMM, number of eplet mismatches; HR, hazard
Ratio; CI, Confidence interval.

more detailed analysis to understand if there was a different contribu-
tion of HLA-DR and HLA-DQ loci. Fig. 4 shows the number of eplet
mismatches per HLA-II loci, considering no rejection, CMR and AMR. In
the unadjusted model, patients with higher eplet mismatch load for
HLA-DR and HLA-DQ loci expericenced more AMR episodes (versus no
rejection, P = 0.009 and P = 0.008 respectively). The multivariated
analysis of HLA-DR and HLA-DQ loci for CMR and AMR occurrence,
adjusted for variables with a p < 0.1 in the univariate analysis as
shown in Tables 2 and 3, is reported in Table 5. Neither HLA-DR nor
HLA-DQ are independent predictors for CMR. On the other hand, high
versus low eplet mismatch load for HLA-DR (T3 = 6 versus T = 0-1,
P =0.013) and HLA-DQ (T3 = 7 versus T = 0-1, P = 0.009) are in-
dependent predictors for AMR.

3.6. Improvement in risk prediction models for AMR

Improvement in calculated risk for AMR was assessed by IDI and
NRI. The mean predicted probability of AMR increased among patients



S. Tafulo, et al.

g
o *IDI=0.061
95% C1: 0.005-0.195 +36.7%
o~
S
=
o
Q=
o
§_ -9.8%
3
8-
8]
a
[
S
o
=g
o
o
No AMR AMR
l I HLA-II antigen MM based risk model  [EX00] HLA-II eplet MM based risk modell

Fig. 5. Improvement in calculated risk of AMR considering HLA-II eplet mis-
match in addition to classic HLA-II broad antigen mismatch.

cfNRI=0.785
95% Cl:0.300-1.426
No AMR AMR
@ ]
S Correctly reclassified: 92 (68.7%) Correctly reclassified: 13 (76.5%)
~
S ] \
©
-
e
=
< 0]
SES
2
o
g i /
=}
o
Qo
- &
O
o @
:g <}
S
o —>
N
<}
.-
—
5 —
e 4
o A —ﬁ— —
Antiger:-based Eplet-lbased Anﬁger:-based Eplet-’based
Risk models considering HLA-II MM

Fig. 6. Improvement in calculated risk of AMR considering HLA-II eplet mis-
match in addition to classic.

with AMR (36.7%) and decreased in patients without AMR (9.8%),
when comparing HLA-II eplet mismatch based to the classic HLA-II
antigen mismatch risk models. The IDI was 0.061 (95%CI 0.005-0.195)
(Fig. 5). Again, when HLA-II eplet based model was used comparatively
to the antigen mismatch model, it reclassified correctly 92 of 134 pa-
tients (68.7%), among patients without AMR, and 13 of 17 patients
(76.5%) within those with AMR. The category free net reclassification
index (cfNRI) was 0.785 (95%CI 0.300-1.426) (Fig. 6).
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3.7. Graft survival

GF occurred in 9 (6%) patients during the overall follow-up time of
70.1 (56.2-104.2) months. No association was found between graft
failure, final sCr or eGFR with EpMM (data not shown). Differently,
graft survival at 120 months (Fig. 7) was 91% for patients with no re-
jection episodes, 83% within patients with CMR and only 63% for pa-
tients with AMR (P < 0.001).

4. Discussion

This study shows that molecular matching based on eplet mismatch
load is a more accurate strategy to assess risk of AMR, when compared
to the conventional HLA broad antigen mismatch assessment currently
used in clinical practice. We demonstrated that HLA class II eplet
mismatch load was a strong predictor of AMR in a LDKT cohort.

Alongside with end-stage renal disease prevention and early re-
cognition programs, in order to reduce demand, several strategies such
as expanded criteria donor, hepatitis C virus-positive donors and do-
nation after cardiac death have been implemented to maximize de-
ceased donation [29]. However, deceased donation does not provide
sufficient kidney grafts to ensure the increasing demand and living
donation has been a successful strategy in order to increase organ donor
pool. Furthermore, several programs to boost living donation have also
been implemented such as ABO incompatible donation and paired
kidney exchange programs (KEP) [30-32]. However, this expansion in
living donation contribution to organ supply arises chiefly from un-
related donation, which leads to higher degree of HLA mismatching, an
unquestionable cause of poorer graft survival [5]. As such, strategies to
improve HLA matching are of major importance and have been studied
for more than 25 years [33-35].

Since then, several studies have been describing the impact of eplet
mismatch and kidney transplantation. Duquesnoy et al. showed, in two
different cohorts of kidney transplanted patients (United Network for
Organ Sharing and Eurotransplant registries), almost identical survival
rates between HLA-A,-B antigen mismatched grafts, but compatible at
triplet level (continuous amino acid sequences), and HLA-A,-B antigen
matched grafts [36]. Also, using the triplet HLAmatchmaker version,
Dankers et al. described a strong correlation between the number of
HLA class I triplet mismatches and the proportion of patients devel-
oping dnDSA in two different cohorts, one sensitized patients after al-
lograft failure and the other of post-delivery pregnant women [37].

After HLAmatchmaker upgrade to include eplets, three-dimensional
polymorphic patches in discontinuous sequence [38], Wiebe et al.
showed that HLA-II eplet mismatches were an independent risk factor
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for HLA-II dnDSA development, in a immunological low risk cohort
[14], identifying optimal thresholds of 10 and 17 eplet mismatch load
for HLA-DR and HLA-DQ, respectively.

In another approach to molecular matching, Kosmoliaptisis et al.
showed that differences in aminoacid mismatch (AAMM), hydro-
phobicity mismatch score (HMS), and electrostatic mismatch score
(EMS) between HLA specificities enabled prediction of HLA specific
antibody responses [39,40]. Comparative analysis between classical
HLA antigen mismatch analysis and molecular mismatch algorithms
available showed that assessment of donor HLA immunogenicity based
on EpMM, AAMM and ESM offered additional value to conventional
HLA antigen mismatch for predicting HLA sensitization after kidney
transplantation [18,41]. More recently, Snanoudj et al. showed that
dnDSA were more strongly associated with the number of antibody-
verified eplet mismatches than with the total eplet mismatch or anti-
genic mismatch number [42]. In this French study the HLA-II antibody-
verified eplet load was 9.4 + 6.8, being 12.1 *= 5.4 (versus 6.8 + 6.1)
for DSA positive group of patients (P < 0.005). In our cohort the HLA-
IT antibody-verified eplet mismatch load was very similar (9.3 * 7.7),
being 12.7 + 7.2 (versus 8.4 + 7.7) in the acute rejection sub-cohort
(P = 0.001).

Besides the inherent biological risk due to HLA differences between
donor and recipient pair, underexposure and/or non-adherence to im-
munosuppressive drugs is a risk factor for development of dnDSA, AMR
and GF [43]. Importantly, Wiebe et al. also showed that this detri-
mental impact of non-adherence was strongly and synergistically
modulated by higher HLA-II EpMM load [16].

A limitation of our study was the absence, at the present time, of
adequate dnDSA longitudinal surveillance for this analysis. However, as
dnDSAs are surrogate markers of AMR [44-47], our data confirms that
high HLA-IT EpMM load was associated with increased risk of humoral
alloresponses in LDKT. On the other hand, the major strength of our
study is the considered uniform cohort of living donors, younger pa-
tients under uniform immunosuppression therapy and with low DGF.

Beyond our study limitations, HLA epitope matching is currently
still in progress as it is necessary to identify all antibody-verified epi-
topes in order to understand their immunogenicity.

In conclusion, our study evidences that eplet-based matching is a
refinement of the classical HLA antigen mismatch analysis in LDKT,
with clear improvement in risk assessment at transplant for down-
stream alloimmune responses. Its application in the clinical setting can
be of particular importance in pediatric recipients but also as a boost for
KEP programs, in which compatible pairs with high eplet mismatch
load may enter, in order to find a more compatible donor [23,48,49].
Finally, eplet-based matching may be a biomarker for personalized
assessment of alloimmune risk, allowing for the immunosuppression
therapy fine-tuning with a more balanced cost-benefit.
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