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RESUME

La greffe de moelle osseuse

La transplantation de moelle osseuse représente depuis une vingtaine
d’années un traitement efficace pour soigner les patients atteints de tumeurs
hématologiques malignes (leucémie myéloide chronique ou aigué et leucémie
lymphobilastique) ou de déficits immunitaires séveres (anémie aplastique et
SCID). Les doses de radio- et chimiothérapies intenses regues par le patient
comportent une toxicité majeure a I'égard de toutes les cellules du systéme
hématopoiétique: les cellules cancéreuses, mais également les lignées
cellulaires saines. Deés lors, le patient se trouvant en aplasie médullaire, il est
indispensable de restaurer un nouveau systéme. Actuellement, la greffe de

moelle est une thérapie de choix, puisqu’elle subvient a cette nécessité.

Le donneur de moelle potentiel

Le succés de cette thérapie dépend de nombreux facteurs, dont
principalement celui du choix du donneur de moelle volontaire. Malgré
Flavénement des immunosuppresseurs tels que la cyclosporine, le meilleur
donneur potentiel reste celui que I'on trouve au sein méme de la famille du
patient, parmi ses fréres et soeurs. En effet, une compatibilité maximale au
niveau des antigénes du Complexe Majeur d’Histocompatibilité (nommé HLA
chez ’lhomme) entre le patient et son donneur, est exigée lors d’une greffe de
moelle. Puisque les génes codant pour le CMH sont localisés sur un seul
chromosome, cette opportunité se retrouve chez 25 % des membres d’'une
méme fratrie. Malheureusement, la faible proportion d’enfants par famille
limite la probabilité de trouver un tel donneur; il faut alors se tourner vers les

registres de donneurs de moelle volontaires.



Cependant, ces donneurs non apparentés sont souvent beaucoup moins
compatibles au niveau des molécules HLA, et une greffe de moelle
s’accompagne alors de complications pouvant engendrer une mortalité

accrue chez les patients greffés.

Les complications liées a la greffe de moelle

Outre la susceptibilité augmentée du patient envers les agents infectieux, une
des complications majeures survenant aprés transplantation est la maladie
Greffe-contre-Héte (GvH). La maladie GvH se manifeste par une atteinte
destructrice des épithéliums de la peau, du systeme gastro-intestinal et du
foie. Celle-ci est la conséquence de la reconnaissance des tissus de I'héte
par les cellules immunocompétentes ou lymphocytes T du donneur qui ont
été transfusées avec la moelle lors de la greffe. Ces lymphocytes sont activés
suite a une interaction avec les cellules du patient exprimant des molécules
HLA incompatibles avec le donneur, et peuvent ainsi initier une maladie GvH.
L’incidence et la sévérité de cette maladie GvH peuvent étre diminuées par la
déplétion des cellules T de la moelle transfusée et par des traitements
immunosuppresseurs. Cependant, une des meilleures préventions reste la

compatibilité totale entre 'héte et son donneur.

Les molécules du CMH

Les génes du systeme HLA codent pour des glycoprotéines de surface
membranaire et sont répartis en deux groupes; (a) les antigénes de classe |
nommés HLA-A, -B et -C et (b) les antigénes de classe || nommés HLA-DR, -
DQ et -DP.

Une des caractéristiques principales de ces génes est leur extraordinaire
complexité et diversité dans la population. En effet, plus de 450 molécules
distinctes ont pu, a ce jour, étre décrites chez 'homme.

Les molécules HLA ont un rdle majeur et unique au sein du systeme
immunitaire d’'un organisme. En effet, ces protéines sont impliquées dans de
nombreux aspects de la reconnaissance immune, en présentant aux

lymphocytes T, les fragments peptidiques viraux d’'une cellule infectée.



Ces antigénes peuvent aussi endosser une autre fonction dans la situation
exceptionnelle que représente la greffe de moelle osseuse; celle d’étre
reconnus comme “étrangers” par des lymphocytes T cytotoxiques.

Il existe deux cas distincts pouvant engendrer une telle réponse alloréactive.
Dans le premier cas, l'incompatibilité se trouve située sur les molécules HLA
elles-mémes, et l'alloréactivité manifestée par les lymphocytes T du donneur
est dirigée contre ces molécules et peut étre mesurée in vitro dans des tests
cellulaires de cytotoxicité.

Dans le second cas, seul le fragment peptidique présent dans la gouttiere de
la molécule HLA est incompatible. Cette incompatibilité est liée a I'existence
d’un polymorphisme de certaines protéines dans la population. Dés lors, si le
patient exprime un peptide dont I"alléle est absent chez le donneur, les
lymphocytes T du donneur pourront potentiellement réagir contre cet épitope
et également induire une maladie GvH. Dans les cas ou les antigenes HLA
sont identiques entre deux individus, les produits peptidiques incompatibles
sont appelés les antigénes mineurs d’histocompatibilité. il n’y a actuellement
que peu de moyens de prédire, avant une greffe de moelle, la présence ou
non d’une incompatibilité au niveau de ces antigénes dans une combinaison
receveur/donneur. Il existe, cependant, une seuie exception; I'antigene
mineur dont le(s) géne(s) est/sont codé(s) sur le chromosome Y, et donc

exclusivement présent(s) dans les cellules masculines.

Le typage des molécules HLA

La présence d’incompatibilités HLA entre deux individus est détectée a I'aide
de plusieurs techniques.

La sérologie est 'une des plus anciennes méthodes de typage utilisées.
Celle-ci est basée sur la reconnaissance de la structure tertiaire des
molécules HLA par des anticorps. La sérologie représente un outil simple et
rapide pour caractériser ces antigenes ainsi que la distribution des différents
haplotypes parmi les membres d’une famille. Toutefois, le polymorphisme du
systéme HLA est tel que la sérologie est souvent incapable d’'une fine
distinction entre deux variants proches, ce qui empéche un typage précis des

combinaisons patient-donneur non apparenteés.



Il est donc indispensable, pour typer ces individus, d'utiliser une technologie
de pointe, telle que les tests cellulaires et les techniques de biologie
moléculaire. Ainsi, grace a I'utilisation de sondes spécifiques de chaque allele
HLA (ou oligotyping), I'identification de tous les variants des molécules de
classe Il est devenue réalité. En revanche, cette technique ne se préte
encore que trés peu a la discrimination des antigenes de classe I. Ainsi, il a
fallu élaborer un test fonctionnel permettant de caractériser précisement ces
différences, invisibles aux yeux de la sérologie.

Ce test, nommé “cytotoxic T lymphocyte precursor frequency test” ou CTLpf
permet d’évaluer in vitro la proportion de lymphocytes T cytotoxiques du
donneur pouvant potentiellement reconnaitre et détruire les tissus du patient.
Il est basé sur les principes de dilutions-limites, sur 'expansion de
lymphocytes T cytotoxiques précurseurs et la détection de leur activité
cytolytique.

La conjugaison des techniques classiques (sérologie) et des techniques de
haute résolution (oligotyping, tests cellulaires) permet un typage complet et
précis de chacune des molécules HLA de classe | et de classe |l présente et

exprimée chez un individu.

La définition du donneur “HLA-ABDR identique” non apparenté

Ces techniques sophistiquées ne sont pas indispensables pour la
caractérisation des antigénes HLA présents chez les couples patient/donneur
intra-familiaux. En effet, la sérologie est suffisante pour discriminer les
quatres haplotypes exprimés entre le patient et le reste de sa famille. De plus,
deux individus apparentés et compatibles par la sérologie partagent les
mémes variants HLA, puisqu'ils héritent des mémes haplotypes.

En revanche, les techniques classiques sont incapables de discriminer
précisement tous les variants HLA de classe | et |l présents dans les
combinaisons non apparentées. Ainsi, ces combinaisons bien que
surnommées “HLA-ABDR identiques” peuvent encore présenter certaines
incompatibilités aux niveaux de sous-types de ces antigénes. De plus,
d’autres incompatibilités non détectées (HLA-Cw, -DQ et -DP) pourraient

également apparaitre chez ces individus.

v



L’augmentation de l'incidence de complications telles que la maladie GvH
observée lors des transplantations entre paires non apparentées pourrait étre
expliquée par la présence d’un certain nombre d’'incompatibilités non révélées

par la sérologie.

Estimation du degré d’incompatibilité HLA dans les paires “ABDR-
identiques”

Nous nous sommes donc intéressés, dans la premiére partie de ce travail, a
évaluer la réalité de la définition du donneur non apparenté HLA “ABDR-
identique”. Les questions posées sont les suivantes:

Quel est le degré d’incompatibilité HLA dans les paires définies comme
compatibles par la sérologie ? Quel est le seuil de sensibilité de cette

technique ?

Nous avons analysé 131 combinaisons de patients/donneurs non apparentés
en comparant différentes techniques de typisation : la sérologie, I'oligotyping,
le séquencage de certains alléles de classe |, le test cellulaire CTLpf ainsi

que l'analyse spécifique de clones T cytotoxiques.

Cette étude a démontré que I'union de ces différentes technologies de pointe
a permis l'identification précise et rigoureuse de nombreuses histo-
incompatibilités. Ainsi, sur 'ensemble de ces combinaisons, seuls 27 % des
couples de patient-donneur sont réellement HLA-ABCDR identiques. Parmi
les 73 % restants, 22 %, 21 % et 30 % respectivement, sont incompatibles au

niveau d’un variant HLA de classe |, classe Il ou classe I+ll.

En paralléle, quatres antigénes HLA de classe | ont été étudiés plus en
détails dans le but d’analyser la proportion de certains variants au sein de la
population. Les antigénes HLA-A2, -B35, -B44 et -B41 sont subdivisés en de
nombreux variants fréquents, tous capables de provoquer une réponse
immune. Dés lors, ces molécules représentent un danger potentiel dans
Palloreconnaissance par les lymphocytes T du donneur aprés une greffe de

moelle.



Ces travaux apportent plusieurs éléments nouveaux dans la problématique
de la sélection d’'un donneur de moelle:

1) L'oligotyping représente sans nul doute, une technique extrémement
prometteuse pour le typage des antigénes HLA de classe I. |l était donc
nécessaire d’établir des sondes spécifiques pour les antigénes fréquemment
exprimés dans une population. Actuellement, I'oligotyping se substitue de
plus en plus aux techniques de culture cellulaire, “plus lourdes”. Cependant,
Fun des avantages du test CTLpf reste son potentiel de détection d’alléles
HLA rares ou encore inconnus. C’est ainsi que nous avons identifié et
seéquencé un nouvel alléle de I'antigéne HLA-B41.

2) Jusqu’a récemment de nombreuses recherches ciblées sur 'analyse de
Pimpact de ces histo-incompatibilités dans la survie des patients, étaient
limitées par 'usage exclusif de techniques classiques de typage HLA. Ainsi,
de nombreuses incompatibilités non pu étre révélées lors de ces travaux, et
les tentatives pour établir une corrélation entre survie et incidence de maladie
GvH aprés transplantation se sont soldées par des échecs. A présent, les
techniques combinées de biologie moléculaire et cellulaire représentent un

formidable outil pour entreprendre de nouvelles études.

Evaluation de I'impact de la compatibilité HLA sur la survie des patients
greffés

Quarante-quatre combinaisons patient/donneur non apparentés ont été inclus
dans cette étude clinique. Ces individus répondaient tous au critére “HLA-
ABDR identique” défini par les techniques de sérologie et un certain nombre
d’'incompatibilités HLA non détectées par ces techniques ont pu étre
identifiées par les techniques de haute résolution.

Notre étude a démontré que les patients qui avaient été transplantés avec la
moelle provenant de donneurs HLA-définis comme identiques par ces outils
performants, avaient une meilleure survie que ceux greffés a partir de
donneurs moins compatibles. Ainsi, le pourcentage de survie de ces patients
aprés trois années se situe a 61, contre 13 seulement pour les patients dont

la moelle avait été prélevée chez des individus HLA non identiques.
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En conclusion, malgré le nombre relativement restreint de cas étudiés, la
différence entre ces deux groupes de patients, sur la survie a long terme, est
conséquente. C’est pourquoi les incompatibilités HLA subsistantes entre

donneur et receveur peuvent influencer 'incidence de maladie GvH.

Evaluation du réle respectif des antigénes majeurs et mineurs dans la
transplantation de moelle osseuse

Lidentification d’'un donneur de moelle non apparenté, compatible au niveau
de chacun des antigénes HLA (A, B, C, DR, DQ et DP) semble, cependant,
utopique. Ainsi, par exemple, le pourcentage de recombinaison entre HLA-
DQ et -DP est tel que la plupart des couples donneur/receveur non
apparentés sont incompatibles au niveau du locus HLA-DP. Cet éloignement
des génes se traduit en effet par une perte de liaison. D’autre part, 'extréme
polymorphisme du systéme HLA entrave également la sélection d’'un donneur
compatible.

Finalement, une des question-clefs de ces études est de déterminer s'il existe
ou non des incompatibilités HLA tolérées par le systéme immunitaire du
donneur aprés la greffe. Les molécules HLA-Cw et -DP, dont les roles
semblent secondaires lors de réactions immunologiques, sont évidemment,

les premiers candidats potentiels impliqués.

La seconde partie de cette thése a été focalisée sur l'identification des histo-
incompatibilités détectées aprés transplantation de moelle osseuse. Nous
avons étudié importance relative de certaines incompatibilités localisées au
niveau de variants HLA, de 'antigéne HLA-Cw et des antigénes mineurs,
chez cinq patients greffés présentant des signes cliniques de maladie GvH.

Dans un premier temps, nous avons réalisé par les techniques de haute
résolution, le typage complet des molécules HLA de chacun de ces individus.
Trois combinaisons présentaient effectivement des différences HLA de classe
[, au niveau de deux alleles HLA-A et d’un allele HLA-C. En revanche, les
deux autres paires ont été déclarées HLA-identiques. Dans un second temps,
la reconnaissance de ces antigénes durant la maladie GvH a pu étre évaluée

par 'analyse de clones T cytotoxiques.
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Ces recherches confirment I'importance des histo-incompatibilités HLA dans
lapparition de la maladie GvH et le rble primordial des techniques
performantes de typage HLA dans l'identification de ces incompatibilités.
Ainsi, les différences HLA détectées avant transplantation sont les cibles
reconnues par les lymphocytes T du donneur apres la greffe. La nature des
incompatibilités HLA reconnues est également instructive; s'il était de
notoriété publique qu’une différence au niveau d’un allele HLA pouvait
engendrer une réponse alloréactive, en revanche, ces études montrent qu’un
variant HLA et une incompatibilité HLA-C produisent aussi une forte réaction
immune. Finalement, 'évaluation du role joué par les antigénes mineurs, qui
fut jusqu’a présent négligée dans les transplantations entre individus non
apparentés, a permis de redéfinir leur importance dans la greffe de moelle
osseuse. En effet, dans les deux seules combinaisons HLA-compatibles, la
réponse immune était exclusivement dirigée contre des antigénes mineurs,

dont cing nouvelles formes ont pu étre caractérisées.

Conclusion
Les résultats présentés dans cette thése permettent une meilleure
compréhension des parameétres influencant la survie des patients apres

transplantation de moelle osseuse.

L'étude de 'impact de chaque incompatibilité majeure et/ou mineure sur le
développement de la maladie GvH n’a pu étre réalisée que grace a
I'utilisation de techniques performantes dans le typage des molécules HLA.
Finalement, ces études apportent une connaissance et une optique nouvelle
sur la problématique cruciale que représente la sélection d’'un donneur de

moelle osseuse.
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List of Abbreviations

ABDR HLA-A, -B and -DR

Ags Antigens

APCs Antigen presenting cells

BMT Bone marrow transplantation

B2-M B2-microglobulin

CLIP Class ll-associated li peptide
CTLpf Cytotoxic T cell precursor frequency test
D/Rs Donor/recipient pair

EBV Epstein Barr Virus

ER Endoplasmic reticulum

FACS Fluorescence activated cell sorter
GvHD Graft-versus-Host Disease

HLA Human leucocyte antigens

HPLC High-performance liquid chromatography
HS Human serum

H-Y Male specific minor antigen

IL-2 Interleukine-2

MLC Mixed lymphocyte culture test

MHC Major Histocompatibility Complex
mHC Minor Histocompatibility Complex
PBMCs Peripheral blood mononuclear cells
PHA Phytohemagglutinin

TcR T cell receptor

Th Helper T lymphocyte

T cell Cytotoxic T lymphocyte

TRM Transplant Related Mortality
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Chapter 1

INTRODUCTION
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1. The immune system

1.1 Introduction

The highly elaborated immune system of vertebrates is able to eliminate various
types of foreign pathogens. It is now well established that three major cell types
are required for those immune responses. Two of them are lymphocytes that
represent the antigenic specific part: first, B cells that mature in the bone-marrow
and that produce antibodies or immunoglobulins (Igs). Secondly, T cells that after
being educated in the thymus, exhibit a heterogeneous set of functions such as
providing help to B cells and specific killing of virus-infected cells. Macrophages
constitute the third cell type; their function is to ingest pathogens or soluble
proteins and to present fractions of these antigens to T lymphocytes in the

context of proteins called the Major Histocompatibility Complex (MHC).

B and T lymphocytes express receptors on the cell surface with high affinity for
antigens which are designated (surface-) Ig receptors for B cells, and T cell
Receptors (TcR) for T cells, respectively. Ig and TcR receptors are products of
somatically rearranged genes giving rise to the huge diversity of B and T cell
receptors that are clonally expressed. Therefore, each lymphocyte carries
exclusively one single antigenic specificity. It has been speculated that the total

amount of lymphocytes is able to recognize more than 108 distinct antigens.

The main difference in the recognition of the antigenic determinant (or epitope)
between these two kind of receptors is the following: whereas the TcR
recognizes short antigenic fragments of 9 to 20 amino acid of length presented
by the MHC proteins, the IgRs interact directly with the three-dimensional

structure of the antigen. Therefore, when a pathogen invades the organism,



different immune responses depending on the nature of the involved agent can
be mounted in order to eliminate it specifically. On one side, antibodies secreted
by the B lymphocytes will interact with extra-cellular pathogens such as bacteria
or worms which are found for example in the blood. This will activate other cell
types (eosinophiles, neutrophiles, etc.) with a destructive capacity. On the other
side, virus and intra-celiular protozoa’s which can escape those humoral
responses, will be presented to cytotoxic T lymphocytes (Tc) in small peptidic
fragments by MHC molecules. Upon activation, these Tc identify the infected
cells and destroy them selectively. Finally, T helper cells (Th) provide specific
help for B cells and for Tc by secreting lymphokines, the hormones of the

immune system ( Figure 1).

B lymphocyte

}-

lymphokines T cytotoxic

T helper

2

T helper

é } // Iymphoklnes

Antibodies MACROPHAGE Infected cell
Soluble pathogens

Figure 1: B and T lymphocyte effector functions against extra and intra-cellular
pathogens. 1 = B cell secreted antibodies 2 = cytotoxic T cell response 3 = helper

T cell response.



The immune system has an enormous destructive capacity by means of these
lymphocytes and other non described effector cells. If such a system is not
precisely regulated and controlled, this can result into the destruction of healthy
tissues with severe pathologic consequences. Such disregulations are found in
hypersensitivity or allergic reactions, in autoimmune diseases like diabetes
mellitus (type 1) or rheumatoid arthritis. Furthermore, this efficient capacity to
destroy invaders is also responsible for the rejection of bone-marrow, kidney,

heart, and other organ transplants.

1.2 The Major Histocompatibility Complex: a central molecule in
immune interactions

The MHC molecules were identified for the first time in the early 40’s by
specialists of organ transplantations (1,2). They described a polymorphic
antigenic locus localized on chromosome 17 in mice which was essential for
tumor rejections and called it the H-2 locus (H = histocompatibility). Many years
later, the human equivalent was discovered by Dausset on chromosome 6 and
the encoded genes were named Human Leukocyte Antigens or HLA (3-6). There
are two structurally distinct, but related families of MHC molecules: class | and
class |l molecules. One particular characteristic is their extraordinary diversity in
the population. In humans, over 450 structurally distinct class | and class Il MHC
molecules have been described to date (7). Because in a single individual six loci
are expressed codominantly, two unrelated individuals will seldomly share the

same HLA molecules.

In humans, the MHC class | molecules are divided into three independent loci:
HLA-A, -B, and -C are non-covalently linked heterodimers consisting of a heavy
chain (44 kD) and a non-MHC-encoded protein of 12 kD, the p2- microglobulin or
B2-M (8-10). The class | heavy chain is composed of an extracellular domain, a
transmembrane region and a cytoplasmic tail (Figure 2) (11). The extracellular

portion is divided into three domains of respectively 90, 92 and 92 amino acids:



al, a2, a3 (12). Most amino acid substitutions between the products of different

alleles are found in the a1 and o2 domains (13).

The HLA class Il genes encode for HLA-DR, -DQ and -DP molecules

respectively and differ from class | molecules by the fact that they are composed
of two-chain surface glycoproteins, the o- and pB-chains (33 and 48 kD

respectively). These chains can be divided into two extracellular domains o1 o2
and p1 B2, a transmembrane region and a cytoplasmic tail (Figure 2) (14-17). As
for MHC class | products, the external part of the molecule, o1 and in particular

B1 domain contains most of the polymorphic residues.

Class | Class Il

peptide binding

' groove .

e &
? cytoplasmic ? %
tail

Figure 2 : The structure of MHC class | and class Il molecules



Crystallographic analysis of the three-dimensional structures of class | and
class Il molecules has revealed that these two molecules are very similar to each
other (18-25). Both structures are composed of B-strands and o-helices as has
been shown by Bjorkman et al. by crystallography for the class | HLA-A2
molecule (Figure 3). All of these molecules display a groove in which the
peptides are bound. Because most of the allelic differences are found to be
located in this cleft, this will generate various binding peptides specificity. The
peptide binding site of the class | molecules differs significantly from the one
found in class Il. Several pockets (A to F) are found within the groove of those
HLA class | molecules that allow the integration and binding of the eight to ten
amino-acids of the peptide chain (26-28). Because such pockets are absent in
the class Il cleft, the majority of the interactions will occur in the center of the
groove and the bound peptide. Therefore, the class [l associated peptides will be
longer and more heterogeneous in size than class | associated peptides. A
further explanation comes from the fact that both ends of the class | peptide

binding site are closed which is not the case for the class |l sites (29).

Common peptide structural features based on the analysis of the sequence of
naturally processed peptides purified from different class | molecules could be
identified (reviewed in 26, 27-28). Peptides isolated from several class |
molecules showed a strong selection at position two and five. Furthermore,
because the A and F pockets stabilize the amino- and the carboxyl termini
respectively, major motifs for MHC associated peptides have been identified in

these carboxyl terminal residues.

Figure 3: Three dimensional structure of the HLA class | molecule. a) side view
b) top view of the antigen binding groove ( taken from Bjorkman and Parham,
Annu Rev Biochem. 1990; 59:253).
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One essential function of MHC molecules is the ability of binding a large number
of different peptides. This could be demonstrated by electrospray ionization and
mass spectrometric analysis. More than 2000 peptides were estimated to be
associated with class | molecules HLA-A*0201 and -B7 and 90 % of these
peptides were present in the range of 100 to 1000 complexes per cell (30,31).
Since most of the cells express 10%-10% MHC molecules on their cell surface, the
total number of different peptides presented could be over 10°000. Finally, it has
been estimated that one T cell directed against a particular epitope needs at
least 100-500 of such peptide-MHC complexes to be activated (32-36). However,
the impact on the recognition of such various and abundant peptides by the

T lymphocytes on one antigen-presenting cell is far from being understood.

The first experiments, in the early 1970’s, demonstrated that virus- and minor
histocompatibility-specific T cells recognize the foreign antigen on cells that
express self-MHC molecules (37,38). T cell recognition is therefore “MHC-
restricted” and subsequent transfection experiments showed that the transfection
of one single TcR is able to bind and recognize the MHC molecule and its

processed peptide (39).



In the following years, many immunologists have tried to understand how the
T lymphocytes could actually recognize the foreign peptide and the MHC
molecule simultaneously and how these epitopes were generated through the

various intracellular pathways.

Class | and class Il MHC molecules trigger two distinct immune responses by
activating two subsets of T lymphocytes and by presenting two different
categories of antigens. Class | molecules usually present peptides derived from
endogenously synthesized proteins such as a virus to cytotoxic T lymphocytes
bearing the CD8 cell-surface glycoprotein (40,41). On the other hand, class i
molecules present peptides derived from exogenously proteins to CD4-bearing
helper T lymphocytes (42,43) ( see Figure 4).

Cytotoxic T lymphocyte Helper T lymphocyte

o chain B chain

class Il

o chain B chain

CDs8 CD4

Antigen-presenting cell

Figure 4: Structures involved in the trimolecular recognition of antigen
a)Tc-peptide-MHC class | and b) Th-peptide-MHC class Ii



The distinction in the presentation of peptides by class | and class Il MHC
molecules is thought to result from the segregation of two distinct intracellular
pathways (44,45). Briefly, the class | MHC pathway starts when newly
synthesized viral and cellular proteins are degraded in the cytosol by an
enzymatic complex called the proteasome. The obtained peptides are exported
to the endoplasmic reticulum (ER) through the peptide transport molecules Tap-1
and Tap-2 (46,47). In the ER, the transported peptides will bind to the newly
synthesized heterodimeric class | heavy chain/ —2M complex (41,48). These
small products do not bind to the MHC class Il a. B chain-heterodimer due to the
fact that this molecule is already occupied by a molecule named the invariant
chain or li (49,50). Indeed, the invariant chain is degraded during transport from
the Golgi to the endosomes into a fragment called class ll-associated li peptide
or CLIP thereby preventing the binding of class | endogenous peptides (51). The
resulting class | heterotrimer migrates through the Golgi to the cell surface where
it can subsequently be presented to cytotoxic T lymphocytes ( Figure 5). Empty
class | molecules can occasionally be occupied by an exogenous peptide which
stabilizes the whole complex (52-54). Endosomes or endocytic vesicles contain
internalized proteins and cell-surface proteins which are degraded into small
peptides through the action of proteases (44). Those peptides meet the MHC
class Il heterodimers in the endocytic compartment where CLIP is removed by
the class ll-like structure HLA-DM allowing the binding of the antigenic peptides
(48,49,51,55,56). The newly formed trimer is then transported to the cell surface
(Figure 5). However, exceptions to this rule are also observed for the class Il

molecules, that present endogenously derived peptides (57).

This segregation into two separated pathways of antigen-presentation with two
different subsets of T lymphocytes involved, illustrates a fundamental mechanism
of the immune system. Indeed, class | MHC molecules are found on almost every
nucleated cell, whereas class || molecules have a more limited distribution and
are present on immune cells such as B lymphocytes, dendritic cells, thymic

epithelial cells and macrophages.
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Pathways of Antigen Processing and Presentation
AY
X

|

Nucleus

Class 1/Endogenous Pathway ~ \ Class I1/Exogenous Pathway

Figure 5: The endogenous and exogenous antigen-presenting pathways.
Endogenous proteins (®-@-®), exogenous proteins (O-0-0O), MHC class ! (open
triangles), MHC class Il (filled triangles), ER = endoplasmic reticulum, Ly =
lysosomal compartment, En = endosomal compartment. (Taken from Bjorkman
and Parham, Annu Rev Bioch. 1990; 59:253).

Therefore, class I-restricted T cytotoxic lymphocytes are able to recognize every
viral-infected cell in the whole organism whereas evolution created MHC class |
molecules to allow specific interactions with B and T cytotoxic cells by helper
T lymphocytes. Furthermore this dichotomy prevents that class II* cells which
present antigens without being infected by a virus, to be killed by cytotoxic
T lymphocytes, whereas a cell that present antigens via class | MHC molecules

is destroyed.
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1.3 Self and non-self recognition

The immune system possesses three elaborated system of extracellular
receptors for the recognition of foreign molecules or antigens. The first type of
molecules are the immunoglobulins on B cells. The second and third type are
expressed by two different T lymphocyte sub-populations respectively called the
af - and y8 -TcR. Each T lymphocyte expresses an unique TcR on the cell-
surface at an approximate density of 20°000-40'000 molecules per cell. The ofp-
subtypes represent most of the T cell receptors and form two heterodimeric
chains linked to each other by disulfide bridges (58). The TcR is non-covalently
associated with the CD3 complex which transduces signals of TcR engagement
to the interior of the cell thereby inducing the T cell effector functions (Figure 4)
(59,60).

Like immunoglobulin receptors, the o and B chains are composed of variable (V),
diversity (D), joining (J) and constant (C) regions (61). The generation of the
enormous diversity of the T cell receptors is principally based on the presence of
multiple copies of V, D and J genes, on random gene rearrangement and on
junctional and insertional diversity (62-65). Therefore each individual with more
than 10° of T lymphocytes possesses such a TcR diversity that every foreign
antigens should be recognized. However, if TcRs are randomly created, the
TcRs found on mature T lymphocytes will also recognize self-molecules. What

are the mechanisms leading to the deletion of the self directed TcRs ?

The specificity of the T cell compartment is determined during it's development
and education in the thymus. The immature T cells or thymocytes have to carry
out a multi-step process in order to become mature CD8-cytotoxic or CD4-helper
T lymphocytes. The first step is the creation of the extensive TcR diversity
mentioned above. This repertoire will then be modified by two processes, i.e.
positive and negative selection (66). Positive selection allows the maturation of
thymocytes bearing receptors which recognize foreign antigen in the context of

self MHC molecules (67-71). Several experiments on superantigens and

12



transgenic mice models have demonstrated that the negative selection involves
the elimination (clonal deletion) of the thymocytes bearing TcRs that bind to
antigens present during thymic maturation (72-77). T lymphocyte clonal deletion
is the mechanism which generates self-tolerance. Accessory CD4 and CD8
molecules are also involved in those selections by binding to MHC class Il or
class | molecules respectively (see Figure 6) (78-81).

However, the precise order in which these events occur is still unclear.
Furthermore, because both negative and positive selection need a similar TcR
and MHC contact, there is still an unresolved paradox on how the interaction with
a same TcR can lead to such different responses.

Several hypotheses have been developed which were partially confirmed by
experimental data; the affinity model proposes that only T cell clones with low-
affinity for self-MHC survive both positive and negative selection, whereas high-
affinity clones are deleted (65,74-75,82). A second hypothesis is based on the
fact that the MHC molecules expressed on the thymus cortical epithelium might
not be like the other self-MHC molecules (75, 83). When recognized by a
thymocyte, those cells would deliver a different signal leading to positive
selection (69,75,84). Furthermore, it has been shown that hematopoietic (bone-
marrow derived) antigen presenting cells are essential for negative selection
(69,84). Finally, the state of thymocyte maturation might also be crucial in the

sequential development through positive and negative selection (85).

Figure 6: A schematic view of negative and positive selection in the thymus.
(Adapted from von Boehmer and Kisielow. Science. 1990; 248: 1369).
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Although probably most of the T cells are educated in the thymus through these
processes, clonal selection is unable to explain how the immune system learns to
be tolerant against self molecules which are not expressed in the thymus.
Therefore, other mechanisms found outside the thymus must somehow inhibit,
inactivate or destroy auto-reactive mature T lymphocytes. These extra-thymic
mechanisms are called peripheral tolerance. Many reports have shown that in
some circumstances T lymphocytes become inactivated or anergized, whereas in
others, they are clonally deleted on encounter of self proteins (85-92). T cell
anergy is referred to a state in which the T cell survives but is functionally
inactive. To date, no clear experiments provide further explanations on the
respective role and mechanism of these different extra-thymic processes that

induce T cell tolerance.

However, it is accepted that the activation of a T lymphocyte must proceed
through two distinct signals; the first one, corresponds to the binding of the off
TcR to the MHC molecule, whereas the second one might be induced by the co-
binding of CD28 and B7 molecules and/or other accessory molecules (89,93-95).
The first signal in the absence of the second one leads to T lymphocyte
inactivation or anergy. The second signal is antigen non-specific and results in
T cell activation, when CD28 present on those T cells interacts with the B7
molecules expressed on professional antigen-presenting cells (Figure 7) (96).
Furthermore, the role of the CD28-B7 cosignal could be demonstrated in tumor
models, in which the transfection of the B7 gene on B7-negative melanoma cell
lines induced a specific immune recognition by cytotoxic T lymphocytes of these
cells followed by tumor rejection (97-98). However, recent studies on CD28
knock-out mice, showed that these mice develop normal immune responses to
viral infections in vivo (99). These results and others (100,101) suggest that
CD28 might not be as essential as it was thought to be at the beginning and that
costimulatory signals are partially provided by other accessory surface

molecules.
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Figure 7: The two-signal model; costimulation of signal 1 and 2 is necessary for
T cell activation. (Schema adapted from Lanzavecchia A. ldentifying strategies

for immune intervention. Science. 1994; 260:937).

In a normal immune system, the intra and extra-thymically educated
T lymphocytes should not recognize nor destroy the cells of their own body.
Unfortunately, in some cases, the system may slip and uncontrolled T or
B lymphocytes may react against self tissues leading to autoimmune diseases.
Furthermore, such a vigorous T cell activation will also be found during
transplantations and can result in the rejection of the transplanted organ.

It is only by studying the various mechanisms controlling the extra-thymic T cell
tolerance that a better understanding and prevention of autoimmune and

alloreactive responses might become a reality one day.
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2. BMT: a subtle balance between success and failure

2.1 Introduction

Since the first marrow transplants in mice performed in the early 1950’s
(102,103), many developments in HLA typing, in immunosuppression and in
cryobiological techniques have led to an exponential increase in the numbers of
human allogeneic bone marrow transplantations (BMT). At present, BMT has
been accepted as an effective treatment for hematological malignancies like
leukemias and for inborn disorders of the immune system (104,105).

Because the intensive chemo- and radio-therapy used for treatment of cancer
are highly toxic to the hematopoietic system, a BMT will have to restore a new
system after the destruction of host residual cancer and immune cells. Allogeneic
BMT is performed by transferring marrow cells from one individual to another.
After intravenous infusion into the patient, the donor hematopoietic stem cells
colonize the marrow which has become pancytopenic following the multiple
treatments against the malignant cells and the preconditioning. After a few
weeks, hematological recovery starts with the emergence of granulocytes and
leukocytes. In general, the patient peripheral blood contains nearly normal
amount of leukocytes, erythrocytes and platelets within 100 days. However, the
immune functions of those patients only return to normal after 1 to 2 years
following transplantation (106). Furthermore, bone marrow transplantation differs
from the solid organ transplants by the fact that the patient’s immune system
itself is removed and replaced by donor cells. Because donor immune cells
transfused with the marrow will recognize the patient tissues if MHC
incompatible, a very high HLA identity between the potential donor and the

patient is necessary.
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2.2 Potential bone marrow donors

The best choice as an allogeneic bone marrow donor is an HLA-genotypically
identical sibling. Since the genes encoding for the HLA molecules are located on
one chromosome, any two siblings have 25 % of chance to share the same HLA
haplotypes. Due to the small average size of western families (two children per
family), such HLA-matched donors are only found for about 25 to 30 % of the
patients (107,108). For the 70 % of patients who lack such donors, two other
types of donors might be considered.

Firstly, one might select a related donor matched only partially, who shares one
of the MHC haplotypes with the patient (109). Secondly, an unrelated HLA-
phenotypically matched bone marrow donor can be selected from the national
registries of bone marrow donor volunteers (108,110,111). Due to the extremely
large HLA polymorphism in the population, such a registry must contain several
million donors to provide a reasonable chance to find a compatible donor
(112,114). Fortunatiely, certain HLA phenotypes or haplotypes are found in
linkage desequilibrium among the population, thereby, increasing the probability

that two unrelated Caucasians' for example, share the same antigens (113).

2.3 Bone marrow transplantation: success rates and complications
The application of BMT for the treatment of hematopoietic diseases has gone
through two stages in history. The first stage occurred in the 1950’s, at a time
that only little was known about the MHC complex, preconditioning treatments,
transfusion technology of platelets and granulocytes, antibiotics and
immunosuppression. As a consequence, many attempts in human bone marrow
transplantation were unsuccessful.

It is the research on animal models which provided twenty years later, the
technology and the enthusiasm for a restart of human bone marrow transplants.

Since then, the number of allogeneic BMT performed worldwide has increased

! Although caucasian is not the correct definition in the anthropological sense, in HLA genetic it is used to
describe Homosapiens sapiens of european origin.

18



exponentially and at present several thousands of patients have been
transplanted (105,107).

Many reports from different transplantation centers show that three years survival
following allogeneic transplantation is approximately 40 to 50 %. However,
comparison of success rates is complex and involves multiple variables (Figure
8). First, the type of disease, the patient’s condition at the time of transplantation
or the patient’s age are crucial factors. Therefore, transplantation of very young
patients in early stages of disease results in much better survival. Secondly, HLA
compatibilities or mismatches between the patient and his donor, the type of
donor (related or unrelated) also represent factors associated with disease-free
survival after transplantation (114).

Several reports have evaluated the impact on the clinical outcome of 0, 1, 2 or
more HLA-mismatches between a patient and his marrow donor. Whereas, some
of the investigators have demonstrated that survival with marrow incompatible for
one HLA locus was not significantly different from survival with marrow from HLA
phenotypically-identical donors (108,109,114-117), more recent and precise
studies have shown, that each HLA mismatch might be crucial for clinical
outcome, and that the choice of unrelated donors should be based on high
resolution HLA typing technology (see 2.4 HLA typing techniques) (117a-120).
Finally, in vitro or in vivo marrow manipulations such as depletion of
T lymphocytes also represent an important factor modulating the transplanted

patient ‘s survival curves.

The severe marrow aplasia caused by immunosuppression following the first
weeks after transplantation and the addition of pretransplant factors that will
negatively influence survival provide a high risk for the development of post-
transplant complications. One of the most important post-transplant complication
with associated montality is Graft-versus-Host Disease (GvHD). Besides this, as
shown in Figure 8, other complications such as graft-rejections, infections or the

recurrence of the disease might also occur (107).
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Pretransplant factors that influence  Posttransplant complications associated
disease-free survival with mortality

Patient’s Age :

Donor-recipient HLA disparity:

0,1,2 or 3 HLA-mismatches

Bone Marrow Manipulation :
T cell-depletion or not

Diseases :

Chronigue myelogenous leukemia
Acute lymphoblastic leukemia
Acute nonlymphocytic leukemia
Anemia/ Congenital disorders etc...

Disease Stages :

Acute leukemia: 1st and 2nd remission
Chronique leukemia: primary, secondary chronic phase,
accelerated phase and blast crisis.

Figure 8: Pretransplant factors that influence disease-free survival and post-

transplant complications associated with mortality.
(Adapted from Kernan NA, et al. Analysis of 462 transplantations from unrelated

donors facilitated by the national marrow donor program. N Engl J Med. 1993;

328:593).

20



Furthermore, pulmonary complications usually induced by cytomegalovirus are
also common causes of death after allogeneic BMT. The administration of
prophylactic antibiotics significantly reduces the incidence of potentially lethal

complications (121,122).

GvHD was first described in early experiments in allogeneic marrow
transplantations in mice (123). Although the animals recovered normally from
marrow aplasia and lethal irradiation, they subsequently died of a secondary
disease that was later designated GvHD. This disease affects multiple organs
and is principally associated with destruction of the skin epithelium, the
gastrointestinal system and the liver (124). Furthermore, the treatment of GvHD
by immuno-suppressive agents can fead to profound immunodeficiencies and
thereby to a high susceptibility to infections.

GvHD can be divided into two clinical entities: acute disease which occurs during
the first 3 months following transplantation and chronic disease developing more
than 100 days after transplantation. Although the chronic form shares certain
clinical features with the acute disease, this form seems however, more likely to
affect elderly patients and finally lead to autoimmune complications.
Graft-versus-Host reaction is the result of specific recognition of the host’s
tissues by the donor T cells in the graft. Many studies in mice and in human have
now provided strong evidence that the T lymphocytes transfused with the marrow
recognize incompatible MHC molecules expressed by the recipient’s tissues and
can initiate GvHD (125). By coinjections of purified T-cell subsets into
transplanted mice, Korngold and Sprent have shown that both CD8+ and CD4+
T lymphocytes directed against MHC class | and class Il incompatibilities
respectively, were able to induce lethal GvHD. Therefore, MHC incompatibilities
between a bone marrow donor and a patient represent the most important factor
of risk for the induction of GvHD.

However, other immune cells such as macrophages and natural killer (NK) cells
were also found to be involved in the development of the pathology (126). These

findings led Ferrara and Deeg to suggest a two phase model (Figure 9).
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First, the T cells transfused with the marrow induce the afferent phase by
recognizing alloantigens and releasing lymphokines. Secondly, these
lymphokines activate other cell lines like NK cells which mediate and destroy

host tissues.

Patient
tissues

+ lymphokines

OO secretion

Transfused
donor T cell

2. Activation and proliferation
1. Afferent phase:

antigen recognition ‘

3. Efferent phase: Target-cell death

Figure 9: The two-phase model of GvHD. (Adapted from Ferrara and Deeg.
Graft-versus-Host Disease. N Engl J Med. 1991; 324.667).

Other groups give even more weight to this model by attributing a central role to
the lymphokine release and see GvHD as a result of a “cytokine storm” (127).
They think that damage to host tissues during chemotherapy, radiotherapy and
infections may release inflammatory cytokines such as tumor necrosis factor o

and interleukine-1.
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The cumulative action of both released cytokines and MHC incompatibilities
between the host versus donor tissues will then induce proliferation of the
transfused donor T lymphocytes and the production of interleukine-2 (IL-2). This
may result finally into a cytokine cascade which activates other cells such as

macrophages or NK cells.

The use of immunosuppressive drugs such as cyclosporine and methotrexate, or
the removal of T cells from the graft efficiently prevents the occurrence of post-
transplant GvHD (128,129). Unfortunately the depletion of donor T cells from the
marrow is associated with a higher rate of graft failure and incidence of recurrent
disease in particular for patients suffering of chronic myeloid leukemia (129,130).
Therefore, several authors have suggested that some T cells in the marrow are
important in the elimination of residual leukemic cells and might induce the so-
called graft-versus-leukemia effect (131). However, it is still quite unclear whether
graft-versus-host disease and graft-versus-leukemia are mediated by the same
(host-specific) or by separate (leukemia-specific) donor T cell populations (132-
135).

2.4 HLA matching: classical and high resolution typing technology

Transplantation with bone marrow from other than a genotypically HLA identical
donor has become extensively used, however, it is associated with an increased
incidence of GvHD. The higher degree of incompatibility in unrelated

combinations is likely to be primarily caused by disparities in the MHC.

Currently, several methods are available that determine the different HLA alleles

expressed by the patient and his potential donor with different resolution.
One of the oldest and most widely used method of tissue typing is based on the

recognition of the determinants specific for a given HLA allele by a set of different

antibodies (136). Such serological techniques represent a very useful and quick
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tool for the characterization of the different HLA A, B and DR molecules. By this
method, the various haplotypes shared by each member of a family are precisely
characterized and a genotypically HLA-identical donor within a family can easily
be identified since identical siblings inherite the same haplotypes. Therefore,
many centers have been, or are still exclusively focused on this classical typing
technique. However, serology is unable to identify each HLA variant precisely,
and the HLA typing of unrelated individuals requires therefore much more precise
technology such as cellular assays and molecular biology techniques. This is
outlined in Figure 10; HLA serotyping of a patient and his potential unrelated
donor did not reveal the presence of several HLA subtype mismatches. Thereby,
an HLA analysis exclusively based on serology would have missed several HLA
incompatibilities in this pair, whereas more complete analysis would have

detected those mismatched molecules.

During the last ten years, molecular biology has developed significantly and at
present it can be used as a very efficient tool for precise HLA typing. DNA
sequencing of the MHC genes has revealed that the polymorphism at each HLA
locus is far greater than the one that can be discerned by serology. At present,
over 450 HLA class | A/B/C and class || DR/DQ/DP alleles have been sequenced
(7). The characterization of all these sequences has allowed the synthesis of
specific oligonucleotide probes (oligotyping) which define every single HLA allele
precisely (137,138). However, the oligotyping techniques for HLA class | have
not been developed to the same extent as for class Il molecules. Furthermore,
because the probes are exclusively applicable on known gene sequences, new

or rare HLA variants still present in unrelated individuals will be missed.
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Figure 10: An example illustrating HLA typing resolution level of the classical

serotyping technique and the efficient oligotyping and cellular assays.
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Finally, cellular assays represent another strategy for typing of various
individuals. This method reflects the functional recognition of the HLA
incompatibilities present in a patient by donor T lymphocytes. Furthermore,
compared to the others, sero- or oligotyping, cellular assays might be closer to
reality, since it reproduces in vitro the cellular interactions which can be found

after transplantation in vivo between donor cells and patient tissues.

However, cellular assays also have some disadvantages: they might be
hampered by a lower reproducibility or by a variable quality of the patient cells.
Furthermore, such assay do need high quantities of human peripheral blood celis

(PBMCs) and demand a significant experience of the laboratory.

Two different cellular assays are used for matching HLA class Il and class |
molecules respectively. First, the mixed lymphocyte culture test (MLC) is based
on the recognition of HLA class Il incompatibilities present in a donor/recipient
pair by donor helper CD4+ T lymphocytes. The proliferation is measured in
®H-thymidine assays (Figure 11) (139). However, now that HLA class Il
oligotyping has become a routine assay, this cellular technique is used less
frequently (140,141).

Mixed lymphocyte culture assay : detection of MHC class Il incompatibilities

| Q O +3H-thymidine
(oo L5 iames | 5 OC%)Q

L.

Donor helper T MHC class Il

: - CD4 T cell proliferation in class I
lymphocyte incompatibility

mismatched pairs.
This is measured by a H3-thymidine assays.

Figure 11: Mixed lymphocyte culture assay: detection of class || mismatches.
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In addition, other studies have been focused on the detection of anti-host IL-2
producing cells. Some reports have showed that the detection of high frequency
of those IL-2 producing cells may predict the occurrence of severe GvH disease
(142-144), however, the use of this cellular assay remains limited to research

laboratories.

The second cellular technique is the cytotoxic T lymphocyte precursor frequency
test (CTLpf) which allows the detection of MHC class | incompatibilities. This
assay is based on limiting dilution systems, on the expansion of cytotoxic T cell
precursors and on the detection of their cytolytic activity (145,146). Briefly,
irradiated patient cells are incubated during 10 days with limiting numbers of
donor T lymphocytes. During this differentiation phase, a precise quantity of IL-2
normally provided in vivo by T helper cells, is added to the culture plates. After 10
days, the cytotoxic activity of the differentiated donor T cells is measured against
S'Cr-labeled patient cells in a °'Cr release assay and the frequency of donor

cytotoxic T precursor lymphocytes is calculated (Figure 12) (147).

Because oligotyping for HLA class | alleles has been developed only recently and
only a few oligoprobes for frequent HLA alleles are available, the cytotoxic
T lymphocytes precursor test (CTLpf) provides for the moment an alternative and
efficient typing technique for the detection of HLA subtype incompatibilities (148).
This cytotoxic technique described by Kaminski et al (147), has been adapted in
our lab and used extensively for this thesis. A complete protocol is provided in

Appendix 1.
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CTLpf assay: detection of class| incompatibilities

g?ﬁ cytotoxic
cursor Tcell
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provided by the addition of IL-2. using 5'Cr release assays

Figure 12: CTLpf test detects the HLA class | incompatibilities present in

donor/recipient pairs.
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3. The molecular basis of allorecognition

3.1 Introduction

As described in the first part of this introduction, T lymphocytes mediate specific
immune responses against foreigh pathogens after being triggered through the
trimolecular complex: MHC-peptide-TcR. Because, peripheral T lymphocytes
have been educated in the thymus to recognize self-MHC molecules plus
antigen, such an interaction is called MHC-restricted (38). However, a second
kind of MHC / T cell interaction has been described twenty-five years ago which
has puzzled many immunologists since then. The first observations defining this
phenomenon were detected studying the transplantation of incompatible tissues
and rejections (2). This T cell immune response to foreign histocompatibility

molecules was defined as allorecognition or alloreactivity (Figure 13).

1. Self-restricted T lymphocyte

SELF-MHC
and viral peptide
\.

------------------------------------------------------------------------

2. Alloreactive T lymphocyte

. FOREIGN
MHC

|

I:> presence of foreign MHC bearing cells after
allogeneic transplantation or allo-graft.

Figure 13: self-MHC restricted and allo-reactive immune recognition.
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Since many patients and their unrelated donors are found to be HLA
incompatible, allorecognition is an important phenomenon after BMT.
Furthermore, as mentioned in the previous part, GvHD after transplantation is
mediated by alloreactive donor T lymphocytes co-infused with the bone marrow
inoculum. Therefore, a better understanding of the mechanisms triggering
allorecognition could help to develop strategies to avoid such post-transplant

complications.

3.2 Allorecognition: a paradox in the immune system

Two unusual features characterize alloreactive immune responses. Since
alloreactive T lymphocytes recognize allogeneic MHC molecules in a non
restricted fashion, a first question arises: how do these T cells recognize foreign
antigens in such a non-restricted MHC context ? Secondly, why does such an
extraordinary high frequency of T lymphocytes participate in the allogeneic
response ? Indeed, the T cell precursor frequency against a MHC alloantigen
may be 100 to 1000 times higher than the frequency of antigen-specific T cells
(145,149-151). A third crucial question comes forward: what is actually

recognized by those T cells ?

3.2.1 Different models to explain allorecognition:

Several models have been proposed to explain the apparent paradox between
alloreactive- and antigen specific-T cells. One of the first hypothesis was
developed by Matzinger and Bevan. They proposed that the specific recognition
of foreign MHC molecules by T lymphocytes could be influenced by the self-
structures carried and presented by those molecules (152). Since firstly, a single
MHC molecule presents many different cellular peptides and secondly, different
T cell receptors may interact with those MHC + X, the high frequency of
alloreactivity is a consequence of the diversity of these multiple “binary

complexes” recognized.
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An alternative hypothesis based on low and high T cell receptor binding affinities
has been proposed by Bevan (153). Unlike conventional foreign antigens which
are presented by low numbers of MHC molecules, each allo-MHC antigen
contains foreign sequences. Thereby, the number of foreign epitopes which is
potentially presented to the T cells is far more abundant and the activation of
many T lymphocytes with low affinity receptors may be possible. In such a
model, the peptides are not of central importance, due to the fact that the
alloreactive T lymphocytes recognize the allogeneic molecule it-self.
Furthermore, because a very high proportion of T cells would share these low
affinity binding features, this hypothesis provides a potential explanation for the

activation of 1 to 10 % of the T cell repertoire.

Although many studies in mice and in human have tried to understand how and
by which mechanism alloreactivity occurs, it is still unclear which of the different
models prevails. Furthermore, one should keep in mind that although several
studies demonstrate that each of the different described model may exist, some
of them may actually not be representative of a true in vivo alloresponse due to

very specific and particular experimental conditions.

3.2.2 Are alloreactive T cells part of the antigen-specific repertoire ?

The current technology for typing the various T cell receptor VB chains has
confirmed that a large number of receptors are used in response to alloantigens
(154-155). Furthermore, there is strong evidence that alloreactive T cells belong
actually to the antigen-specific repertoire. Several murine and human T cell
clones were found with specificity for both self-MHC + antigen and allogeneic
MHC molecules (156-159). For instance, Burrows et al. showed that cytotoxic
T cell clones specific for an Epstein-Barr virus epitope presented by HLA-B8
could also recognize the HLA-B*4402 alloantigen (160). Furthermore, the use of
the same T cell receptor VB gene segment was observed in both alloreactivity

and antigen recognition (157,161). Thereby, allorecognition may be the result of
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cross-reactive responses between MHC-restricted specific T cell clones and

foreign MHC molecules.

3.2.3 The role of endogenous peptides in MHC allorecognition

At present, it has been accepted that all T cell recognition, including self-
restricted and alloreactive MHC responses, involves both the MHC molecule and
its associated peptide ligand. The first experiments that suggested that peptides
bound by MHC molecules were involved in allorecognition came from MHC
class Il studies (162,163). The identification of an alloreactive class Il T cell clone
“specific” for an albumin-epitope by Panina-Bordignon et al. demonstrated for the
first time that a self-peptide was central in alloreactive responses (164).
Furthermore, other more recent studies have also demonstrated that alloreactive
mouse cytotoxic T cell recognize peptides bound to the MHC class | molecules
(165-167).

A number of different natural peptides recognized by different alloreactive T cell
clones has been isolated. For example, Udaka et al. showed that a MHC class |
alloreactive T clone recognized peptides derived from an endogenously self-
protein: the mouse 2-oxoglutarate dehydrogenase (168).

The observations that cells taken from different mice tissues were unable to
stimulate the alloreactive T cell clones in spite of the fact that they expressed the
appropriate allo-MHC molecules, led to the concept that peptide involvement in
allorecognition might be partially tissue-specific. Indeed, this could be explained
by the fact that each cell synthesizes common and tissue-specific peptides.
Kappler and Marrack have shown for instance, that T cell hybridomas could
recognize murine MHC class Il allo-antigens on B cells but not on macrophages
or fibroblasts expressing the same antigens (169). As a consequence, these
results suggested that class Il molecules were necessary but not sufficient to
account for allorecognition, and emphasized again the central role of peptides in
alloreactivity.

Finally, studies on mutant cell lines such as T2 and RMA-S that are defective in

processing and transporting of endogenous peptides clearly demonstrated that
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most of the alloreactive T cell clones could not recognize empty MHC molecules
(166-167).

Because the other MHC alleles present within the same allogeneic cells are also
endogenously derived proteins, some of these proteins could be presented as
peptides by allogeneic MHC molecules. Indeed, it has clearly been demonstrated
in mice and in human that different MHC class | or class Il molecules were
recognized not only as intact molecules but also as peptides presented by other
MHC molecules (reviewed in 170, 171-175).

Figure 14 summarizes the various structures which can be recognized by
alloreactive T cell clones based on the different hypothetical allorecognition
models and the subsequent experimental observations. The definition of an
alloreactive molecule is in general used to define a foreign MHC it-self or an
allogeneic derived peptide bound either to another allogeneic- or to a self-MHC
molecule. These aliogeneic peptides can be derived a) from MHC class | or
class Il molecules, b) from tissue-specific proteins, or c¢) from other intracellular
polymorphic proteins called minor antigens (see 3.4 minor histocompatibility

antigens).

3.3 Indirect allorecognition

From the studies described above, one can conclude that an alloresponse
involves a direct interaction between the T cells and the allogeneic MHC
molecules (+ an allogeneic or self peptide). Furthermore, it has been
demonstrated that such interaction represents most of the alloreactive responses
found in vivo. However, several in vitro studies could reveal the existence of

another alloreactive pathway called indirect allorecognition.
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Figure 14: The different models and target structures of allorecognition

This second pathway is based on the observations that foreign MHC or other
alloantigens can also be processed and presented in association with self-MHC
molecules on host antigen presenting cells (APCs) (Figure 14). This pathway is
called “indirect allorecognition” since the allogeneic molecule is recognized by
T cells in a MHC restricted fashion after being internalized and processed by host
APC’s (176-178). Furthermore, it has been speculated that such a mechanism
might provide an alternative explanation for chronic rejection of kidney allografts
(179-182). However, it is still not clear whether such a pathway may be relevant

for bone marrow transplantation and represent or not a physiologic event in vivo.
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3.4 Minor histocompatibility antigens

In the 1940’s, GD Snell discovered two histocompatibility systems, responsible
for tumor graft rejection: the first one is the Major Histocompatibility Complex
while the second one is called the minor Histocompatibility Complex or mHC (2).
The name of minor was assigned to these newly discovered antigens because
they were characterized by weaker immunological rejection responses as
compared to those elicited by the MHC antigens. However, since then, many
experiments have showed that these antigens do form transplantation barriers
after HLA-identical bone-marrow transplantation and can lead to graft-rejection or
GvHD.

More than 40 minor histocompatibility loci were identified by skin or graft-
rejections on the Snell's and Bailey’s congenic mouse strains (reviewed in 183).
In human, minor antigens have been also isolated following in vivo priming after
marrow transplantation and identified by T lymphocyte functional assays.
Whereas many minor loci could be identified in the mice model, only a very few
antigens were isolated in man, and the localization of those genes remains
unknown, except for the male-specific H-Y minor antigen. Indeed, the best
defined mH antigen is the H-Y minor antigen encoded on the long arm of the
Y chromosome (184). Beside this one, other minors called HA-1 to HA-5 were
identified by Goulmy et al. in human HLA-identical bone marrow transplants
(185).

3.4.1 What is the nature of minor H antigens ?

Based on several results of the last five years, it has become clear that minor
antigens are small peptides derived from endogenously synthesized polymorphic
proteins which are presented by the MHC molecules to T lymphocytes. The
following experimental observations have led to this assumption.

Firstly, responses against minor H antigens are strictly T cell-mediated and MHC
class | or class |l-restricted (183, 186). Secondly, like immune responses against
nominal antigens such as viral peptides, the anti-minor H antigen response is

also characterized by a low frequency of cytotoxic T cell precursors. Thirdly,
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Rammensee et al. have demonstrated that naturally peptides bound to the MHC
molecules can be recognized by MHC class I-restricted cytotoxic T lymphocytes
(167). These peptides were isolated from MHC class | and class |l molecules by
acid elution and subsequently separated by reverse phase high-performance
liquid chromatography (HPLC) fractionation. By incubating Tap1/2 mutant target
cells that express the same MHC-restricted molecule and minor antigen specific
T cell clones in the presence of those purified peptides, specific fractions
containing minor antigen peptides were identified. Through those experiments,
the crucial role of peptides in anti-minor antigen responses became accepted
(187-189).

Finally, four minor antigens derived from intracellular proteins have been
identified and their amino-acid sequence could be determined. One of them is
the polymorphic part of a mitochondrial gene, ND1, while another one is the
myxovirus resistance gene, Mx-1 (190,191). The sequence of the male-specific
H-Y minor antigen in the human and in the mice have also been identified
(192,193). Both H-Y minor H peptides were found to derived from SMCY, a
conserved protein encoded on the Y chromosome. Furthermore, the minor
histocompatibility HA-2 antigen isolated from bone marrow post-transplanted
patients was found to belong to the myosin family (194). Taken together, the

actual view on the nature of minor antigens is the one represented in Figure 15.
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Figure 15: Minor antigen peptides derive from endogenously polymorphic

proteins and are presented to T lymphocytes by MHC molecules.
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3.4.2 The role of minor antigens in bone-marrow transplantation

Minor antigens have been shown to form significant transplantation barriers,
since those polymorphic allogeneic peptides can be presented by self-MHC
molecules and induce alloreactive responses (Figure 14). Such an alloreactive
response is found when a patient expresses the allele “A” of a polymorphic
protein which is not expressed by the donor’s tissues. The best understood
example is illustrated with the male-specific H-Y minor antigen. Indeed, several
studies have shown that a gender-mismatch in HLA-identical donor/recipient
pairs correlates with an increased incidence of post-transplant complications
(195,196).

Apart from the H-Y antigen, other minor H antigens have been studied for their
phenotype frequencies inside the population and their association with the
incidence of GvHD. Like the results found in the murine model (197), the
frequency of the human mH alleles may vary between low and high. For instance
HA-1, HA-2, HA-3, HA-4 and HA-5 have the following phenotype frequencies; 69,
95, 88, 16 and 7 % respectively (185). An intermediate frequency such as 69 %
for MiHA-1 has been shown to be associated with higher incidence of GvHD
(197’). Indeed, the probability of finding any two individuals sharing the same
particular minor antigen is lower when the phenotype frequency of that minor is
found in about 40 to 60 % instead of 95 % of the population (Figure 16).
Furthermore, by application of fundamental population genetics, PJ. Martin
demonstrated that the disparity for minor antigens is greater between HLA-
identical unrelated individuals than between HLA-identical siblings (198). Figure
16a shows the probability of disparity among unrelated and related individuals
following Hardy-Weinberg equilibrium at a single biallelic locus when alleles “A”
and “a” are codominant and are both presented by the MHC molecules. The
dangerous situation or minor antigen disparity is defined as the presence of an
allele in the patient and not in the donor (in the GvHD sense). However, such a
model is valid only when the peptides derived from both alleles share the same

affinities to the MHC molecules in order to be codominantly expressed.
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Figure 16b shows the probability of disparity among related and unrelated
individuals when one of the alleles is always expressed whereas the second one
is not. Although the probabilities of mH disparities represent here half of the
values found by Martin (Figure 16a), the disparity for minor antigens is stili
greater between unrelated individuals than between two siblings. A more
complete description of the Hardy-Weinberg equilibrium and the derivations of

the formulas are found in Appendix 2.
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Figure 16a: Probabilities of minor H antigen disparity for a single biallelic
codominant locus in any two related (O) and unrelated (M) individuals. (Adapted
from PJ. Martin. Bone Marrow Transpl. 1991; 8:217).
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Figure 16b: Probabilities of minor H antigen disparity for a single biallelic locus in
which one allele is always expressed whereas the other one never, in any two

related (O) and unrelated (M) individuals.

The precise role of minor antigen disparity in the occurrence of GvHD or graft-
rejection remains unclear. Firstly, there is quite a bit of evidence that cytotoxic
T lymphocytes are able to induce GvHD across minor H barriers (199,200).
However, more recent studies in the mice model and in the human demonstrated
that the frequency of recipient-reactive CTLp in MHC-identical siblings after
bone-marrow transplant is not correlated with the occurrence of GvHD (201,202).
De Bueger et al. reported that high frequencies of mH antigen specific CTLp
could be detected in the blood of each patient with or without GvHD.
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Nevertheless, in the studies published by Irschick et al., the difference in post-
BMT recipient-specific CTLp frequencies between patients with low GvHD
grades and those with high GvHD grades (Il to 1ll), were statistically significant
(203). Therefore, at the one hand, other factors, such as CD4+ T helper cells
(204) and cytokines undetected by the CTLpf assays may also be involved in the
induction of GvHD, on the other, it is stili unclear whether the “in vitro”
measurement of CTL precursors from the peripheral blood alone is sufficient for

the prediction of GvHD incidence or not.

3.5 Frequency analysis of alloreactive T lymphocytes

Limiting dilution analysis (LDA) is a the most commonly used assay to determine
in vitro the frequencies of alloreactive cytotoxic T lymphocyte precursors (CTLpf)
in mice (145,205) and in man (206,207). This technique represents a useful tool
to determine CTLp frequencies against individual MHC alloantigens and to
estimate the number of potential alloreactive T lymphocyte precursors. Indeed,
four studies have reported a clear correlation between the frequency of host-
reactive cytotoxic T lymphocytes and the incidence of severe GvHD after

unrelated bone marrow transplantation (117a-120).

Furthermore, limiting dilution assays represent also a way to assess the impact
of MHC incompatibilities on the success or the failure of transplantations. For
instance, it has been shown that HLA matching in organ transplants is not an
absolute necessity and that antigens such as HLA-B are perhaps more important
for graft-survival (208) than other mismatches that might be considered as
acceptable (209,210). This is definitively not the case in bone-marrow
transplantations, since a more complete HLA identity between the bone marrow
donor and the patient is required in order to avoid GvHD. However, it is still
unclear whether less immunogenic antigens such as class | HLA-Cw- or class Il
HLA-DP molecules also play a crucial role on the clinical outcome or if they

should be considered as permissible incompatible antigens.
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Finally, after bone-marrow transplantation, limiting-dilution assays provide a
useful tool for the detection of minor histocompatibility antigens specific T cells.
Indeed, in vitro detection of anti-minor specific T lymphocyte responses in human
PBMCs requires in general in vivo priming. Those particular features can be met
following BMT, during pregnancy or after multiple blood transfusions (211).
Although, many studies are focused in the elaboration of a more sensitive LDA
test for the generation of a primary anti-minor T cell response, it is still impossible
to detect and predict the occurrence of such response in a donor/ recipient pair
before BMT.

3.6 Immunodominance

Most of the peptides that can bind to a particular MHC molecule have been
shown to share structural primary motifs (212,213). The definition of these motifs
is quite broad, since several peptides may bind to one MHC molecule. This
allows the MHC antigens expressed in a given individual to bind a large number
of different peptides necessary to ensure the T cell immune response. However,
a phenomenon based on the fact that B or T lymphocytes usually respond only to
a few dominant peptide epitopes presented by MHC-molecules has been
described. Such phenomenon called immunodominance is defined by the fact
that, it is the dominance of a given epitope that prevents another one to be
recognized. A dominant peptide may compete and prevent the presentation of
other peptides either at the level of peptide binding to the MHC molecules or
mostly through the interactions with the T cell receptor. Several factors thereby
may affect immunodominance and are listed in Table 1. A T cell determinant is
formed by an agretope (= the MHC binding site) and an epitope (= TcR binding
site). (Adapted from Sercarz et al. Annu Rev Immunol. 1993; 11:729).
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Table 1: Factors affecting immunodominance

at the peptide level at the TcR recognition level

The existence of enzymatic processing : The existence of a T cell determinant:

sites giving rise to agretopes. presence of an agretope and epitope.
The peptides transport system: The T repertoire specific for a given
Tap 1/2. determinant.

The competition for binding the same The affinity of these T cell receptors

or a different MHC molecule. for the MHC complex.

The affinity for the binding site of the The number of MHC / determinant

MHC molecule. complexes present at the cell surface.

Many studies using particular mice or in vitro models have demonstrated that
immunodominance could take place at the peptide binding level, however, more
realistic models predict that such phenomenon should actually be based at the

TcR recognition level (reviewed in 214).

Immunodominant responses have also been observed following immunization of
mice against multiple minor antigens. Indeed, several reports showed that in
mice challenged by multiple minor H antigens, cytotoxic T cells preferentially
responded to a few immunodominant minor antigens (215-217). For instance,
Wettstein reported that the CTL responses against autosomal minor
histocompatibility antigens dominated the CTL responses against the male H-Y
antigen (217). However, since only very few minor antigens have been
characterized in the human, such immunodominant responses could only be

suggested by Goulmy et al. (185).
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4. Aim of the study

The main objective of the studies described in this thesis was first, to define the
histoincompatibilities detected in unrelated donor/recipient pairs before bone
marrow transplantation, and secondly, to analyze in those patients their

relevance after transplantation during severe Graft-versus-Host Disease.

Because HLA genotypically-identical siblings can only be found for less than 1/3
of the patients, alternative bone marrow transplantation from “HLA-identical”
unrelated donor has been extensively developed. Unfortunately, transplantation
with bone marrow from phenotypically matched donors is associated with an
increased incidence of Graft-versus-Host Disease. Such donors are less
compatible than HLA-identical siblings also when they seem to be HLA-matched.
This increased incompatibility is mainly caused by flaws in classical serotyping
techniques that do not discriminate the different HLA-variants that occur in
unrelated individuals. Furthermore, most of the laboratories are focused on HLA-
A, -B and -DR matching only, other antigens such as HLA-C, -DQ and -DP might

still be incompatible.

The first part of this thesis was aimed to assess the degree of HLA mismatches
in 131 unrelated donor/recipient combinations who were “ABDR-matched” by
classical serotyping techniques. This study was performed by using the following
high resolution typing techniques: isoelectrofocusing, oligotyping, primary
cytotoxic T lymphocytes assays (CTLpf) and specific T cell clones (Chapter 2).

Furthermore, two frequent HLA class | antigens (B44 and B35) have been
studied in more details to characterize in several “ABDR-identical” D/R pairs, the

occurrence of HLA-variant incompatibilities (Chapter 3).
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One of the main advantage of the CTLpf assay compared to oligotyping is his
ability for the detection of new or rare HLA variants. Thereby, we described here
the identification by specific cytotoxic T cell clones of a new HLA-B41 subtype
and its complete nucleotide sequence (Chapter 4).

Finally, to assess the importance of the HLA mismatches detected in those
unrelated “ABDR-identical “ pairs on the clinical outcome, 44 transplanted

patients were analyzed for their survival after transplantation (Chapter 5).

The second part of this thesis is focused on the identification of the
histoincompatibilities found after bone marrow transplantation during severe
Graft-versus-Host Disease. Two crucial factors are mainly involved in the
occurrence of such post-transplant complications; HLA incompatibilities and
minor histocompatibility antigens mismatches. Therefore, to study the relative
importance of incompatible HLA-serotypes, HLA-subtypes, HLA-Cw and of minor
antigens in the onset of GvHD, five patients with various major or no detectable
incompatibilities and with GvHD > 2 have been analyzed (Chapter 6).

The following chapter describes in more detail some aspects and characteristics
of the various alloreactive responses detected after transplantation in those five
patients. Furthermore, the seven identified minor histocompatibility antigen

patterns are here precisely analyzed and described (Chapter 7).
Finally, Chapter 8 gives a general discussion on the various histo-

incompatibilities detected before and after bone marrow transplantation and on

their potential implication in post-transplant complications such as GvHD.
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Summary:

To get an insight into the degree of major histocompat-
ibility mismatches in donor/recipient (D/R) combi-
nations who were ‘ABDR-matched’ by serology for class
I and by oligotyping for DR1-14 (low resolution typing),
we performed additional HLA testing using a combi-
nation of molecular, biochemical and cellular tech-
niques. For class I we used extended oligotyping, dis-
criminating all the common DRB1/B3/B5-subtypes. For
class 1 (-subtypes) we used oligotyping (HLA-A2,-A3,-
B35,-B41,-B44), sequencing (HLA-B35,-B41,-Cw16),
isoelectrofocusing (IEF), primary cytotoxic T lympho-
cyte (CTL) assays and class I-subtype specific T cell
clones. In addition, all combinations were serologically
typed for HLA-C. This high resolution typing by the
combination of techniques revealed numerous histo-
incompatibilities. Fifty-three per cent of all ‘ABDR-
matched’ combinations tested (n = 198) appeared to be
DR incompatible. Moreover, independent of the pres-
ence of a class I1 mismatch, 47% of the donors tested
(n = 131) displayed pretransplant cytotoxic activity
against the patient. This activity was found to be rigor-
ously correlated with the presence of class 1 incompati-
bilities, predominantly HLA-A,-B subtypes and HLA-
C. Thus, although the D/R pairs had been originally
matched for AB including serological splits and by gen-
eric class I1 typing, only 28% of the pairs were in fact
ABCDR identical. As many as 38% of the D/R pairs
were mismatched for one, 14% for two, 13% for three
and 6% for four A, B, C or DRB1 antigens. We con-
clude that the presence of such a high number of
histoincompatibilities in a group of relatively well
matched D/R pairs will severely hinder the analysis of
the role of HLA in marrow transplantation and that
conclusions from studies in which D/R pairs are
matched by conventional typing must be interpreted
with extreme caution.
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Transplaniation with marrow from an HLA-identical sib-
ling is successfully used to treat a number of hematological
malignancies and inborn errors of the immune system.'?
One of the main limitations to this therapy is the avail-
ability of a genotypically matched related donor that is only
available for about 30% of the patients. For patients without
such a donor, it has now become an option to find an
‘ABDR-matched” donor in international registries. Such
donors however, will be phenotypically matched only and
appear 1o be less compatible, which is reflected by a higher
rate of post-transplant complications such as GVHD.*®

ALl present. it is not clear whether this incompatibility is
a direct consequence of a mismatched allele of the MHC
itself or whether it is a reflection of a higher rate of mis-
matched minor transplantation antigens.” In fact, a recent
study has shown that patients who are ‘ABDR-matched’
with their unrelated donor are not at lower risk of GVHD
than patients who are mismatched for one HLA antigen.’
However, these results might be flawed because the ‘one
antigen mismatched” group might indeed not be so different
from the group that is considered to be “perfectly matched’,
because the latter can still be incompatible for a number of
antigens undetected by routine typing as well.

An unrelated donor might be ‘ABDR-matched’ but
nevertheless histoincompatible with a recipient for two dif-
ferent reasons. Firstly, matching is done on the basis of
HLA-A, -B, and -DR antigens only and other antigens such
as HLA-C, -DQ, and -DP might still be incompatible. The
second reason why a patient can be histoincompatible with
his unrelated donor lies in the limited resolution power of
routine HLA typing techniques that were set up primarily
for the matching of siblings. Because these routine tech-
niques are not able to make out the large polymorphism of
the human MHC, ‘pefectly maiched, HLA identical’ unre-
lated donors will often be mismatched for antigens not dis-
criminated by conventional typing. Such D/R pairs will also
have an increased risk of being incompatible for the anti-
gens not typed for, because other antigens such as HLA-C
and -DQ will be in linkage disequilibrium with the incom-
patible HLA-A, -B or -DR antigens.*’

At present, this problem is close to being resolved for
DRBI typing, as molecular techniques distinguishing most
of the common alleles have become routine in the tissue
typing laboratory.'®'" Several studies have shown that
many D/R pairs that were matched on the basis of serology,
were in fact DR-incompatible.'*-"? For class 1, the situation
is less clear because precise methods such as DNA typing
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are more cumbersome than for class 11 and an analysis of
representative numbers of D/R pairs has nol been done yet.
It is however becoming apparent that the situation for class
I might be quite similar as for class 11 and that serologically
‘ABDR-matched” D/R pairs are more frequently AB-sub-
type mismatched than has been anticipated.®>'*'¥ To get
insight into the frequency and nature of mismatches in
*ABDR-matched’ D/R pairs. we studied 131 combinations
consisting of 73 patients with their unrelated potential bone
marrow donors who had been recruited from international
registries between 1990 and March 1994. All donors were
selected on the basis of extended serology tfor AB and by
oligotyping for DR I-14.7"'2 In spite of the fact that these
pairs were now matched for AB including serological splits,
and by generic class 11 typing, the *‘ABDR-matched” donors
were frequently HLA-incompatible, strongly suggesting
that such a group or groups that have been matched with
Jower stringency® are less suitable for assessing the influ-
ence of HLA on the outcome of a bone marrow transplan-
Lation.

Patients, materials and methods

Identification of potential donors

Blood samples ol potential donors identified on the basis
of AB(DR) serology were requested by the Swiss unrelated
bone marrow donor registry?® from international registries
and ABDR-identity was verified by extended serotyping for
HLA-A (10 large antigens, splits of A9, A10, Al9, a total
of 23 specificities), HLA-B (25 large antigens, splits of B3,
B12. BI5, Bl6, B17, B21, B22, B40, B70, a total of 38
specificities), and by HLA-oligotyping for DR1-14. Only
donors who were matched for six ABDR antigens were
considered for further study and selection.

High resolution class Il tvping

Oligotyping for HLA-DRB1/B3/B5 and -DQ, discriminat-
ing the vast majority of the HLA-DR and -DQ genes was
performed as previously described.'™"!

Class I oligotvping

Oligotyping for HLA-A2, -A3, and -B44 was performed
as described before.'” This method based on a PCR/SSO-
oligotyping protocol is able to discriminate 10 HLA-A?2,
two HLA-A3 and two HLA-B44 subtypes.

Analysis of B35 subtvpe variants

Alter HLA-B group-specific PCR."7 B*3501-3508 were
discriminated by oligotyping using five probes (Gauchat er
al. submitted). In some combinations partial HLA-B35
direct sequencing was done using a biotinylated 5'primer
and a B-specific 3’ primer?' with minor modificalions
(Gauchat et «l, submitted). After separation of the biotinyl-
aled strand by streptavidin-coated Dynabeads M-280, B35
alleles were sequenced by the dideoxy-chain termination
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Sanger method (USB Kkit) over a segment comprising over
60 nucleotides of exon 3 (amino acids 94-116).

IEF

ID-isoclectrofocusing  was  performed as  previously
described.” In brief, PHA blasts (3 X 10°) were radiolab-
elled with M0 uCi of **S-methionine. Precleared cell
extracts were incubated with 3 pg of an anti-class 1 mono-
clonal antibody (W6/32). Immunoprecipilates were sub-
jected to neuraminidase treatment and analyzed by ID-IEF.

HLA-C typing

CwI-Cw8 was determined by serology. In some individ-
uals. no HLA-C allele could be identified. This was due to
either insufficient quality of the allo antisera used or to the
expression of HLA-C specificities other than CwIl-Cw8.
HLA-C*1601 was typed for by CTL clones.

Primary CTLp-test

Donor mononuclear cells were cultured in 200 ul 96-round
bottom plates with irradiated recipient mononuclear cells
as stimulators.?® After 10 days of culture, the wells were
tested against *'Cr labelled, phytohemagglutinin-stimulated
recipient T cell blasts.

Cloning of class I specific T cells

Cytotoxic T cell clones were established from the positive
wells of the CTLp assay as described.> Specificity towards
recipient cells was tested using autologous (donor) cells and
third party cells that did not express HLA antigens in com-
mon as negative controls. After the identification of the fine
specificity against a panel of cells expressing well-defined
HLA-A, -B subtypes or HLA-C antigens, some of these
clones were used as typing reagents.

Calculation of frequencies of ABCDR-mismatches

Because many of the combinations analyzed included pati-
ents for whom a search was going on and for whom these
data would be used 1o identify the most compatible donor,
the group analyzed is not entirely representative of a group
of randomly selected ‘ABDR-matched’ D/R pairs. Fre-
quencies were calculated after adjustment for the fact that
CTLp’s and subsequent analysis of the incompatibility have
been done more frequently for donors who were preselected
on the basis of DR-subtype compatibility, and analysis of
class 1 has been performed more frequently for the CTLp-
positive combinations than for the CTLp-negative ones.

Results
The majority of "ABDR-maiched’ D/R pairs are ABCDR-
incompatible

At present a large number of volunteer bone marrow donors
are available through the international registries. These



donors have been (partially) HLA typed so that a first selec-
tion of potential donors can be done on the basis of the
available HLA data. Because the number of donors is
extremely high and only a minority will be recruited, most
registries type their donors by low resolution serological
methods only. and at this stage matching for A, B and DR
does not warrant MHC compatibility. Therefore. before a
final donor can be selected. blood samples of potential
donors will have to be retyped with more precise HLA typ-
ing techniques. Figure | shows that when DR is typed by
*high resolution” oligotyping discriminating practically all
known subtypes (82 DRBI. three DRB3. three DRBS),"
only 47% of the *ABDR-matched” D/R pairs appear to be
DR-(DRB1/B3/B5) compatible. 1t should be noted that all
the combinations studied in this report were *ABDR-mat-
ched’ on the basis of exiended serotyping for HLA-A, -B
(including ‘splits’) and by HLA-oligotyping for DRI-14.
This first screening. referred to in this report as ‘low resol-
ution typing", had already excluded more than 20% of the
potential donors, mostly on the basis of flaws in DR-serol-
ogy."”

In the DR-matched group, very few pairs were matched
for all three class 11 loci. Matching for DQ and DP reflected
their respective strong (DQ) and weak (DP) linkage dis-
equilibrium with DR.>* Of the DRBI/B3/B5 compatible
combinations studied (# = 59). more than 90% were
matched for DQ. However, only two of the 26 pairs tested
were matched for both DP alleles.

ABCDR-
- compatible
CTLp n=561(23)
28%
60%
DR-
compatible
47%
CTLp" n=37(32)
40%
'ABDR-matched’
CTLp n=181(6)
ABCDR-
47% incompatibie
72%
DR-
incompatible
53%
CTLp® n=20(15)
53%

Figure 1 ABCDR compatibility as determined by high resolution DR
typing and CTLp nssays. The pereentage of CTLp-positive combinations
is caleulated from the 131 combimations tested with both technigues. The
percentage of DR-incomputible combinations is calculated from the paies
consisting of the patient with al) of his "ABDR-matched” donors that were
recruited and that were not all wsted in the CTLp assay (n = 61). The
numbers in parentheses represent the combinations that were analyzed 10
characterize the incompatibility(-ies) recognized
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Routine class I typing does not comprise HLA-C serol-
ogy nor does it characterize class I variant subtypes. There-
fore *ABDR-matched’” D/R pairs might not only be mis-
matched for DR subtypes, DQ or DP. but also for class
1 subtypes and/or HLA-C. Because these mismatches are
efficiently detected by CTLp-assays.*” our “high resolution’
typing procedures for the selection of unrelated donors
includes the determination of CTLpf in the GVHD direc-
tion."” Figure | shows the results of 73 patients and their
131 *ABDR-matched” unrelated potential donors. Of the
DR-subtype mismatched *ABDR-matched” D/R pairs, 53%
were CTLp-positive. Moreover, of the pairs who were
matched for DR subtypes. 40% were CTLp-positive. This
resulted in an overall compatibility of only 28%. Because
CTLp-positivity is strongly correlated with class 1 incom-
patibilities (see below), these results should represent a pre-
cise estimate of the degree of ABCDR-incompatibility in
*ABDR-matched” D/R pairs.

Charucterization of CTLp-positivity in "ABDR-matched’
D/R pairs

The CTLpf can only serve as a diagnostic assay for class
I compatibility when it efficiently detects all class I mis-
matches without yielding false-positive results. To t€st this,
we analyzed the class 1 mismatches in 47 CTLp-positive
and in 29 CTLp-negative pairs. We used a combination of
class 1 oligotyping (HLA-A2, -A3, -B35, -B44), sequencing
(HLA-B35, -B4l, -Cwl6), IEF (HLA-A, -B), serology
(HLA-C) and class I subtype specific CTLs (HLA-A, -B, -
C).%? Table 1 shows that these techniques were able to
detect numerous class 1 mismatches in the combinations
studied. It also shows that CTLp-positivity is rigorously
correlated with the presence of class ] mismatches and that
only very few such incompatibilities were missed by the
CTLp assay. Of a total of 65 class I incompatibilities
detected, 61 occurred in the CTLp-positive combinations
while only four occurred in CTLp-negative ones. Moreover,
by cloning of the recipient-specific CTLs, we could show
that in 45 of the 48 cases tested, the incompatible class I
molecule was indeed the target recognized and that DR-
subtype incompatibilities present both in the CTLp-positive
and -negative group (Table 1), were not detected.**'*"
Therefore, DR-incompatible CTLp-positive D/R combi-

Table 1 Occurrence of HLA-A, -B, -C and DR-mismatches in CTLp-
negalive and CTLp-positive combinations

HIA-A, -B* HLA-C HLA-A, -B, -C HLA-DR
CTLp 2 (29 2(28) 4(29) 18 (74)
CTLp' 3347y 28 (42)" 61 (47) 20 (57

Subtypes by IEF (20 mismatches/61 combinations tested). oligotyping lor
HLA-A2 (7/54). oligatyping for HLA-B44 (2/35), oligotyping and sequ-
encing for HLA-B3S (9/24) and sequencing for HLA-B41 (1/2).
"Expressed as no. disparate amtigens (otal no. combinations 1esied).
“CTl-specificity could be atributed (o the incompatible subtype in 32 of
the 33 combinations tested.

“In combinations that were HLA-A_ -B compatible, HLA-C incompatible.
CTL-specificity could be attributed to the incompatible HLA-C in 13 of
the 15 cases lested
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nations should be considered as being concomitantly mis-
matched for one or more class 1 antigens. These results
emphasize two important points. Firstly, a CTLp assay may
be used as a test to assess class 1 compatibility. Secondly.
although the number of class I mismatches in combinations
matched for class 11 at the molecular level might be lower
than in "ABDR-matched” D/R pairs. 40% of such combi-
nations are sull class | incompatible.

Occurrence of HLA-A, -B, -C and -DR incomparibilities
in "ABDR-matched’ D/R pairs

Table 2 shows the frequency of HLA-A, -B, -C and -DR
mismatches detected after high resolution DR-oligotyping
and identification of the CTL-activity. DRB! incompati-
bilities were primarily found for DRI (14% of the pairs
were mismatched), DR4 (46%), DRI} (25%) and DRI13
(39%). CTL-activity could be attributed to various forms
of class I incompatibilities. Apart from five cases that could
not be discerned because no other target in our cell panel
could be identified that was recognized by the recipient-
specific CTLs. and three cases in which the CTLs were
specific for the male antigen presented by HLA-A2 or
unidentified minors presented by respectively HLA-A2
and -B60, all other activity was against class I molecules
that had not been adequately discriminated by serology.
The majority comprised subtypes of HLA-A2. -B7, -B35.
-B41, -B44, -B5i, and -B62. In four cases, the serological
splits of HLA-A10 had been assessed incorrectly. More-
over, numerous serological blanks in donors thought to be
homozygous were in fact due to flaws in serology. This
was particularly frequent for HLA-C, but did hold true for
other antigens as well. Of as few as six serologically homo-
zygous HLA-B35 donors that we sequenced in the first
place to identify the putative HLA-B35-subtype recognized
by the CTLs. two were in fact HLA-B35/-B71 and HLA-
B35/-B79 heterozygotes. respectively.

From Table 2. it is also apparent that, due to the linkage

Table 2 HLA incompatibilities in ‘ABDR-matched” D/R  pairs
(n=176)

G

2(AB) + DR" + C 6.0 (2)
2(AB) + DR L9 ()
(AB)+ DR +C 11.2(6)
{AB) + DR 5.6 (3)
(AB)+ C 29(5)
(AB) 7.0(12)
DR + C 5.6(3)
DR 20.9 (5)
@ 59
Class 1 unident. 4.2(5)
Class 1 restr. minor 1.8 (3)
Total 72.9 (54)
DR-compatible/ CTLp-negative 27.1(22)

“Estimated frequency i a trandom) group of *“ABDR-matched” D/R com-
binations (sce Mcthods).

"DRB{-sublype mismatch with a linked DRB3/4/5 mismatch are scored
as one single mismatch.

“Total no. of combinations analyzed for the respective class 1 and class
I antigen(s)
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disequilibria between the respective MHC loci, D/R pairs
are more frequently mismatched for more than one antigen
than is to be expected on the basis of the frequency of the
mismatched antigens themselves. This has important conse-
quences for the appraisal of certain mismalches, and this
should be taken into account when routine tissue typing
procedures do not include subtyping for all loci. For
instance, of the pairs mismatched for HLA-C (32%), 80%
are mismatched for a subtype of HLA-A. -B or -DR as
well. Thus, even when an HLA-C mismatch itself might be
less harmful, a donor with such an incompatibility detecied
by routine typing methods might be less optimal due to
undetected linked HLA incompatibilities. Furthermore,
some class I-subtypes are in strong linkage disequilibrium
with particular DR-subtypes and in such cases a mismaich
at the DR locus detected by the routine typing procedure
will be a strong indication for a class I mismatch. This
tendency was especially striking for HLA-B35 and -B41
positive D/R pairs where DR-subtype incompatible meant
being class I-subtype incompatible as well.-'-2

In combination with the fact that numerous incompati-
bilities are not detected, such linkage disequilibria will con-
strain the analysis of the significance of HLA mismaiches
on bone marrow transplantation enormously, when only
standard tissue typing techniques have been used. It is
therefore obvious that such an analysis should only be done
on the basis of tissue typing with the highest possible resol-
ufion.

Discussion

Transplantation with bone marrow from other than geno-
typically HLA identical donors is associated with an
increased incidence of post-transplant complications.*¢
Whereas in experimental animal models the contribution of
mismatched MHC-antigens appears to be a pivotal one, the
consequence of an incompatible HLA antigen for human
marrow transplantation is less clear. In fact, it is still under
debate whether patients who are ‘ABDR-matched’ with
their unrelated donor are at lower risk of graft-versus-host
disease than patients who are mismatched for one antigen.’
One of the explanations for this nevertheless unexpected
finding might be that in such studies the ‘one antigen mis-
matched’ group is indeed not so different from the one that
is considered to be ‘perfectly matched’, as the latter might
still be incompatible for a number of antigens as well.

The identification of a perfectly matched unrelated bone
marrow donor is severely challenged by the extreme poly-
morphism of the human MHC. Not only will it be imposs-
ible (o establish donor registries large enough to provide a
perfectly matched donor for every patient, but also, once a
donor has been identified, the techniques needed to type all
24 HLA antigens arc 100 elaborate for most lissue typing
laboratories. Therefore, histoincompatibilities are inevitable
and the main task lies in determining which mismatches
are the most accepltable ones.

Unfortunately, the published observations on the effect
of HLA-mismatches on the outcome of a bone marrow
transplant are not in agreement. When the marrow donor
is an HLA-non-identical family member, significant effects



ol one A-, B- or DR-mismatch on transplant-related mor-
lality have been reported.*? When the donor is not
related. the one locus mismatch effect can be significant
for the occurrence of GVHD and survival,™ significant for
the occurrence of GVHD with trends for survival® signifi-
cant for the occurrence of GVHD only.® or not significant
at all.® These data might however be less controversial than
they seem when one takes into account that the background
of other (hidden) incompatibilities in these studies may
vary substantially. 1t is obvious that the direct effect of one
potentially additional mismatch will only become apparent
when the donor and the recipient are sufficiently well
matched for the other antigens. This tendency is clear from
the studics mentioned above. It is in the multicenter study.’
in which typing is performed by a number of different lub-
oratories and matching is based on scrology only. that no
correlation between GVHD and one antigen mismatched is
found. In contrast, when in the other studies the matching
is backed up by more precise techniques such as IEF for
class 1 homozygous individuals and Dw- or oligotyping lor
class 115 the influence of one locus mismatch becomes
clear. It is therefore tempting (o0 believe that by increasing
the resolution of tissue typing even more, the effect of an
HLA mismalch will become still more apparent. Our data
show that this would be conceivable because in a group
that is malched with such moderate stringency, numerous
mismatches do remain undelected.

The key question of course is whether for the selection
of an unrelated donor the tissue typing techniques should
still be extended. On the one hand there are the technical
problems that could slow down the selection procedure s0
that the possible beneficial effect ol a more compatible
donor is neutralized by the fact that the patient might have
to be transplanted in a later stage of his disease. On the
other hand. it remains still 1o be shown that a patient would
indeed benefit [rom a transplantation with a more compat-
ible donor. However, we think that the fact that there is
still no clear answer to the question to what extent post-
transplant complications are due to HLA mismatches is an
argument valid enough o improve our tissuc typing tech-
niques. Then. even when this extended protocol would not
identify a better donor, immune suppression regimens could
be betier accommodated 1o the degree of histoincompat-
ibility so that some of the negative effects of a (100) strong
conditioning could be circumvented.

How can this better maiching be obtained in practice?
Unfortunately, given the extreme large polymorphism of
the human MHC, only sequencing of all 24 HLA antigens
of two unrelated individuals would have a high enough res-
olution power to determine their degree of histocompat-
ibility precisely. Clearly, methods should be less elaborate
and be Tocused on antigens for which it still would be feas-
ible to find a matched donor. Therefore. HLA-DP that is
less strongly linked to the other HLA antigens™ so that
matching becomes almost impossible! or very rare sub-
types of HLA-AB/DR should probably not be included in
the protocol.

In this study. we have used a combination ol high resol-
ution oligotyping for class 1T and a cellular assay for class
1. We think that at present, this is one of the most practical
approaches 10 identily ABCDR-mismatches. This pro-

Histoincompatibilities in ‘ABDR-Matched’ Unrelated D/R Combinations
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cedure discriminates most DR-alleles by a relatively simple
oligotyping protocol'’"'? and, as we show in this paper. it
does detect most of the class I incompatibilities that we
were able to diseriminate with the other techniques avail-
able. However, we do not think that such a protocol com-
prising a cellular assay will become the standard routine
for the future. as long as the CTLp test detects class 1
incompatibilities withoyt providing additional information
about the biological relevance of such mismatches. We
think that this is the case for HLA-A/B mismatches.
because we found the straightforward correlation between
class | incompatibility and CTLp-positivity for all the anti-
gens for which the full resolution techniques were avail-
able. However, we cannot be sure that this also holds for
HLA-C mismatches because the typing techniques used in
this study, could have missed some mismatches that also
failed to induce CTL activity.

Al present, however, the merit of cellular techniques s
clearly its potential to detect incompatibilities for which
molecular techniques have not yet been developed.
Whereas oligotyping techniques would detect only the anti-
aens that the protocol had been set up for, CTLs would be
activated by any incompatible class 1 molecule independent
of whether the sequence would be known or not. This
advantage is clearly shown in our study. During the ‘analy-
sis of the incompatibilities recognized by the CTLs we
found two new class | subtypes (HLA-B41 and -B44). Fur-
thermore, many serological blanks were unmasked by the
CTLp assay. Therefore, the CTLp assay has given us the
information as to which antigens should be oligotyped to
cover a substantial part of class 1 subtypes that might be
mismatched. At present, oligotyping for HLA-A2, -B35,
-B44 subtypes are already routine procedures in our labora-
tory and protocols for HLA-AI0, -B7, -B27 and -B4| are
being set up. We think that even with such a limited set of
specificities, a routine laboratory would be able to cover a
relevant number of class 1 subtypes. In combination with
oligotyping for DR, this routine high resolution typing
would be able to screen a large number of unrelated D/R
pairs. This would not only allow the selection of the most
compatible donor but this should also facilitate a better
appraisal of the importance of TILA mismatches for bone
marrow transplantation.
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Chapter 3

1. High-resolution histocompatibility
testing of a group of sixteen B44-positive,
ABDR serologically matched unrelated
donor-recipient pairs

2. HLA-B35-subtype mismatches in
ABDR serologically matched unrelated
donor-recipient pairs
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High-Resolution Histocompatibility Testing
of a Group of Sixteen B44-Positive, ABDR
Serologically Matched Unrelated

Donor—Recipient Pairs

Analysis of Serologically Undisclosed
Incompatibilities by Cellular Techniques,
Isoelectrofocusing, and HLA Oligotyping

Nathalie Rufer, Birgitta S. Breur-Vriesendorp,
Jean-Marie Tiercy, Anthony S. Slavcev,

Neubury M. Lardy, Patricia Francis, Reto Kressig,
Daniel E. Speiser, Claudine Helg, Bernard Chapuis,
Alois Gratwohl, Michel Jeannet, and Eddy Roosnek

ABSTRACT: We have characterized HLA incompati-
bilities in a group of 16 Bd4-positive patients who were
serologically ABDR matched with their 23 (unrelated)
potential bone marrow donors. After analysis with a com-
bination of cellular techniques, IEF for HLA-A/B and
oligotyping for class I1 and HLA-B44, 44% of the patients
revealed one or more HLA incompatibility wich ac least
one of their potential donors. CTL activity was detected
in 12 of the 22 combinations tested. CTL incompatibility
occurred more frequently in DR subtype-mismatched
combinations, but CTL reactivity was always directed
against class 1. To characterize these incompatibilities be-
tween matched unrelated individuals, we analyzed the
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specificity of T-cell clones from seven primary CTL cul-
cures. In three combinations, CTL reactivity was directed
against a subtype of B44. In two combinations, the CTL
reactivity was directed against a non-B44 class | subtype.
In two of seven combinations, the CTLs recognized an
antigen that, though unconditionally associated with
B4403, was expressed by 60% of the B4403" cells only.
Because all 12 of these B4403 " rargets recognized could
be typed for one HLA-C allele only (Cwl-Cw8), we
believe that this alloreactivity might be directed against a
serologically undefined Cw antigen. Human Immunology
38. 235-239 (1993)

IEF isoelectric focusing

MHC major histocompatibility
complex

PCR polymerase chain reaction

INTRODUCTION

ABDR serologically identical unrelated donor—recipi-
ent pairs (D/Rs) often appear to be less compatible than
serologically identical D/Rs within a family. This higher
degree of incompatibility is reflecred by an increased
incidence and severity of posttransplant complications
such as graft-versus-host disease (GvHD) [1-3]. The
most simple explanation for this phenomenon lies in
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the relatively low resolution of a standard tssue-typing
technique that, though adequate for the matching of
siblings, is not able to make out the large polymorphism
of the human major histocompatibility complex (MHC)
in an unrelated population.

Incomparibilities between serologically matched un-
related D/Rs also become evident in in vitro cellular
assays. Most incompatibilities in DR subtypes that are
not differentiated by serology do cause positive mixed-
lymphocyte reactions {4, 5]. Furthermore, donors often
display cytotoxic activity against matched unrelated re-
cipients [6—8] while they do not do so against related
ones {6].

Because the presence of such cytotoxic precursor cells
(CTLps) is a strong indication for posttransplant compli-
cations [0, 7], it is clear that the incompatibilities de-
tected by CTLp assays are relevant ones. We therefore
characterized these incompatibilities in a group of
D/Rs without serologically detectable ABDR mis-
matches. Because a variant class I subtype would be the
most likely candidate target structure recognized, we
focused on HLA-B44, a class I antigen that is frequent
and thar is known to occur in several subtypes {9, 10].

MATERIALS AND METHODS

HLA matching of donor—recipient pairs. Unrelated do-
nors were selected on the basis of HLA matching by
serotyping for HLA-A, -B and by HLA oligotyping for
HLA-DR1-14. Only B44* D/R combinations, compati-
ble for the antigens mentioned above, were included in
this study. After the first selection, the combinations
were further typed by high-resolution oligotyping for
DR/DQ {4] and serotyping for HLA Cw1-Cw8. Insome
of the individuals, no HLA-C allele could be identified.

Primary CTLp test. Limiting numbers of donor mononu-
clear cells (5 X 10°-0.125 x 10%) were cultured in 96
200-u! round-bottom plates with constant numbers
(5 X 10% of irradiated (2500 rad) recipient mononuclear
cells as stimulators. After 10 days of culture, the wells
were tested against °'Cr-labeled phytohemagglutinin-
stimulated recipient T-cell blasts {7].

Cloning of patient-specific T cells. Cyrotoxic T-cell clones
were established from the positive wells of the CTLp
assay as described [11]. Specificity toward recipient cells
was tested using autologous (donor) cells and third-party
cells that did not express HLA antigens in common as
negative controls.

Oligoryping for B44. Exon-3 group-specific polymerase
chain reaction (PCR) was performed on genomic DNA
with a combination of a 5' primer specific for the nucleo-

N. Rufer er al.

tide sequence encoding Ile at codon 95 and an HLA-B
locus-specific 3" primer (Tiercy et al., submitted). PCR-
amplified DNA was hybridized with the digoxy-
genin—ddUTP-labeled oligo probe D-156 (5' crtCT-
GTCCTGCTCCGCCAC 3') specific for the nucleotide se-
quence encoding Asp at codon 156. Within the 18 B
alleles selected by the PCR, this sequence is specific
for HLA-B4401, -B4402, and -B3701 and thus enables
differentiation of B4401/2 and B4403. All procedures
for dot-blotting, hybridization, washing, and chemilumi-
niscent detection were done as described [12].

Isoelectrofocusing (IEF). One-dimensional (ID)-IEF was
performed as previously described [13]. In brief, phyto-
hemagglutinin blasts (3 X 10° were radiolabeled with
100 uCi of [**Slmethionine. Precleared cell extracts
were incubated with 3 ug of an anti-class-I monoclonal
antibody (W6/32). Immunoprecipitates were subjected
to neuraminidase treatment and analyzed by ID-IEF.

RESULTS

Definition of an (ABDR)-matched pair. Whereas ABDR-
matched siblings are most likely identical for all HLA
antigens, this is not the case for unrelated D/Rs. There-
fore, a group of ABDR-matched unrelated D/Rs is still
very heterogeneous with respect to their degree of histo-
compatibility and the designation matched is a rather
broad one. In this article, we use the term ABDR
matched in the usual sense. Thus, ABDR-matched com-
binations are identical for the specificities that are differ-
entiated by classic serology (A,B and DR1-14), but
might still be incompatible for HLA-C, -DQ, -DP and
for subtypes of HLA-A/B and -DR. Within this group,
we differentiate DR (subtype)-incompatible and the DR-
compatible ones that, due to the strong linkage disequi-
librium between DR and DQ, are also DQ compatible
(results not shown).

Incompatibilities in B44-positive ABDR-matched unrelated
DIRs. Table 1 shows the HLA typing of all B44* pa-
tients for whom we were able to identify an ABDR-
matched bone marrow donor. Although all patients can
be considered as ABDR matched in the classic sense
(see above), a number of mismatches could be identified.
Five of the D/Rs (pl—p3) were DR incompatible. Fur-
thermore, a large number of HLA-C mismatches were
found. Incompatibilities were also detected at the level
of alloreactive cytotoxic T lymphocytes (CTLs). In 12
of 22 combinations tested, patient-specific CTL activity
could be measured.

Variant subtypes of class 1 are the major targets for CTL
recognition of ABDR-matched individuals. As the incom-
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TABLE 1 HLA typing of B44" ABDR-matched
donor—recipient combinations

A B C DRBI CTLp*
pit 26,26 44,51 5 404,1501
pld 26 44,51 4 404,16 +
p2 2,29 44,62 3 407,1501
p2dl 2,29 44,62 3.7 404,1501 +
p2d2 2,29 44,62 3 401,1501 +
p3 2,2 44,62 3,6 1101,1302
p3dl 2 44,62 3.5 1101,1301 +
p3d2 2 44,62 A 1101,1401 +
p3d3 2 44,62 NT¢ 11,1401 +
p3d4 2 44,62 NT 12,1301 +
p4 2,32 38,44 5 1301,1501
p4d 2,32 38.44 NT 1301,15/16 =
p3° 2,2 44,60 3 401,1302
p3d 2,2 44,60 3,5? 408,1302 =
po6 1.3 7.44 7 7,1501
p6dl 1,3 7,44 4,7 7,1501 +
p6d2 1,3 7,44 7 7,1501 .
p7 2,3 38,44 34 7,1301
p7d! 2,3 38,44 7,1301 +
p7d2 2,3 38,44 7,1301 +
p7d3 2,3 38,44 NT 7,1301 NT
p8 ) 40,44 3.5 101,1302
p8d 2,3 40,44 3,5 101,1302 +
p9 2,2 44,60 3.5 404,1501
pod 2.2 44,60 3.5 404,1501 ¥
pl0O 24,29 35,44 7,1401
plod 24,29 35,44 7,1401 -
pll 1,2 44,57 5,6 7,1301
plld 1.2 44,57 6 7,1301 -
pl2 2.2 44,44 s 401,1301
ptl2d 2 44 NT 401,1301 =
pl3 2,29 44,51 7,1101
plad 2,29 44,51 7,1101 =
pl4 23.24 44,60 3.4 7,1301
pldd 23,24 44,60 3.4 7,1301 -
plS 1,2 8,44 5.7 301,801
pl5d 1,2 8,44 5,7 301,801 =5
pl6 3,23 27,44 NT 301,7
pl6d 3,23 27,44 NT 301,7 -

* CTLp range, 6/109—167/10% (number of patient-specific CTLps per 10¢
-donor mononuclear cells).

épl, patient 1; p1d1, donor 1 of patient 1; etc.
* Incompatibilities are printed in bold.

4 NT, not tested (blank, not identified)

* Haploidentical related D/R.

patibilities recognized by donor CTLs might be those
responsible for GvHD, the specificity of these alloreac-
tive T cells might provide information on the biologic

significance of various mismatches. We therefore charac-
terized these specificities by testing 2 number of T-cell
clones from CTL-positive combinations against a panel
of HLA-typed cells. Furthermore, as it became evident
that none (') of the clones were specific for either the
HLA-DR or the HLA-C incompatibilities shown in Ta-
ble 1, we typed the 23 individuals for subtypes of B44
either by 1EF or by DNA typing with the oligo D-156
(Table 2). Three of the seven CTL-positive patients were
B44 mismatched with one of their potential donors.
Table 2 further shows the analysis of the specificity of
the CTL clones derived from five positive cultures. In
two (pld — pl and p2d2 — p2d1), the mismatched
B4402 was also the incompatibility recognized as the
CTL clones derived from these CTL cultures killed all
B4402* targets without recognizing the B4403™ ones.
However, in the two combinations where B4403 was
the mismatched B44 variant expressed by stimulator
cells (p2d1 — p2d2 and p2d1 — p2), two different
specificities were found. In one combination (p2d1 —
p2d2), B4403 was the incompatibility recognized as the
CTLs killed all of the B4403" targets. In the other com-
bination (p2d1 — p2), however, the CTLs did not recog-
nize B4403 directly as the clones recognized some, but
not all, B4403" targets. Interestingly, the clones were
able to distinguish between two B4403-identical bur
CTL-incompatible individuals (p6d1/p6, p7d1/p7, and
p7d2/p7) but not berween a B4403 CTL-compatible one
(p6d2/p6).

The incompatibility recognized could therefore be
the same as thar recognized in the B4403-identical com-
bination p6d1 — p6. This suggestion was further en-
forced when the clones raised in this combination differ-
entiated the B4403% targets in the same manner.
Although we were unable to identify the exact incompat-
ibility recognized, further panel studies (Table 3)
showed that whereas the anti-B4402 and the anti-B4403
clones lysed all their respective targets, the clones raised
in p2d1 — p2 and p6dl — p6 killed only targets
that expressed B4403 and that could be typed for one
HLA-C allele only. Because HLA-C serology is far from
perfect, the alloreactivity in these two combinations
might be directed against an HLA-C other than
Cw1—Cw8 that is closely associated with B4403.

Of the other three combinations (p3d1-4 — p3,
p8d — p8, and p9d — p9), we were able to identify the
incompatibility only in p9d — p9. As reported before
[8], all patient-specific CTL reactivity was directed
against A205, a rare A2 variant expressed only by this
patient. It is unquestionable, however, thac also in the
other two cases the clones recognize hidden class I in-
compatibilities as they are all of the CD8 phenotype and
specific lysis can be inhibited by anti-class-I and not by
anti-class-11 antibodies (dara not shown).
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TABLE 2 B44 subtypes and specificity of the alloreactive CTLs

D-15¢° pid® p2d2 p2dl p2d1 p6d1
Targets oligo IEF — pl — p2dl — p2d2 — p2 — p6
pl 4402 NT + + - NT —
pld 4403 NT - - + NT N
p2 4403 44.1° - .t + +
p2d1 4402 44.2 + + - = _
p2d2 4403 44.1 - - + + +
p3 4402 44.2 + + - - =
p3dl 4402 44.2 + + - - _
p3d2 4402 44.2 + + - - .
p3d3 4402 44.2 + + - = .
p3d4 4402 44.2 + + - = .
p6 4403 441 - - + + +
p6dl 4403 44.1 - - + i =
p6d2 4403 44.1 - - + + +
p7 4403 44.1 - - + = -
p7dt 4403 44.1 - - + + +
p7d2 4403 44.1 - - + + +
p7d3 4402 442 + + - NT _
p8 4402 NT + + = = —
p8d 4402 NT + + - - =
p9 4402 NT + + - = -
p9d 4402 NT + + - = —

* Although oligo D-156 hybridizes with both B4401 and 4402, all D-156-positive individuals in this study can be designated B4402 because they are all B44
identical by CTL analysis and thus must be B4402, which is far more frequent than B4401.

¢ CTL clones (2—S/combination) established from primary culeures: pld — pl, donor of patient 1 against patient 1.

< [EF subtypes according to Fleischhauer et al. [10}.

DISCUSSION

ABDR-matched unrelated bone marrow transplantation
is associated with a higher incidence of GVHD than that
observed in transplantations between HLA-identical sib-
lings [1—-3]. This obviously reflects the higher degree
of histoincompatibility berween donor and recipient, but
a precise evaluation has remained difficult as our stan-
dard typing techniques do not identify all of the variants
of HLA antigens that the immune system is able to dis-
criminate.

1n addition to the standard techniques based on serol-
ogy or on DNA typing, histoincompatibility between
donor and recipient can be evaluated by cellular tech-
niques. Although these methods will never provide re-
sults as precise as those found by direct genomic HLA
analysis, they will detect incompatibilities that the latter
methods are not especially set up for. Not only will
they detect possible additional differences outside of the
DNA sequences selected to be analyzed, bur they will
also detect “allogeneity” caused by antigens other than
those that we type for. Our data presented in this study
clearly illustrate this point. Although the CTL assay was

unable to characterize the histoincompatibility directly,
it marked 12 of 22 B44* ABDR-matched D/Rs as incom-
patible. Furthermore, none of these incompatibilities
would have been detected by routine typing techniques.

The further characterization of the incompatibilities
recognized by the CTLs pointed out two important
things. First, the results substantiate the capacity of a
CTLp assay to predict GVHD {6, 71 because this test
apparently detects serologically undetectable class I sub-
type incompatibilities that can be as detrimental as sero-
logically detectable ones [14]. Second, together with the
results of HLA-C and DR oligotyping, it shows that the
number of histoincompatibilities in a group of unrelated
ABDR-matched D/Rs is still significant. Moreover, it
shows that, once donor and recipient are found to be
incompatible for one antigen—and thus express antigens
with a weaker linkage disequilibrium—the chance is
great that they are incompatible for 2 second one. As in
Table 1, in all AB-matched D/Rs tested in our laboratory
(n = 70), we found that DR-mismatched donors are
much more likely to display patient-specific class-I-
restricted CTL activity than DR compatible donors
(56% vs 27%). If this holds in general, one might argue
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TABLE 3 Further characterization of CTLp
incompatibility between B44* individuals

Clones
anti-B4403
Targets anci-B4402° anti-B4403¢ associated"
B4402
Cwl1-8,Cwl-8 13/134 0/13 0/13
Cwl1-8,Cwx 9/9 0/9 0/9
B4403
Cwi-8,Cwl-8 0/6 6/6 0/6
Cwl-8,Cwx 0/13 13/13 12/13
B44-
Cwl-8,Cwl-8 0/8 0/8 0/8
Cwl1-8,Cwx 0/4 0/4 0/4

“pld — pl and p2d2 — p2dl.
4 p2d1 — p2d2.
‘p2d1 — p2 and p6d1 — p6.

4 Targets lysed per targets tested.

that che negative effect of class II incompatibilities on
the outcome of a bone marrow transplantation is parually
caused by a (second) class 1 incompatibility and that
single class II mismatches (that is, the CTL-negative
ones) might be acceptable.
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HLA-B35-Subtype Mismatches in ABDR
Serologically Matched Unrelated

‘Donor—Recipient Pairs
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Jean-Marie Tiercy, Dominique Gauchat-Feiss,
Xiaowen Shi, Anthony Slavcev, Neubury Lardy,
Bernard Chapuis, Alois Gratwohl, Daniel Speiser,

Michel Jeannet, and Eddy Roosnek

ABSTRACT: We have characterized HLA incompati-
bilities in a group of 17 B35-positive patients who were
ABDR matched (AB serology and oligotyping for DR I-
14) with their 28 (unrelated) potential bone marrow do-
nors. High-resolution oligotyping for DR subtypes dis-
closed that nine combinations were in fact DR mis-
matched. Cytoroxic T-lymphocyte (CTL) activity was
detected in nine combinations (32%). In the group
matched for DR subtypes, three (16%) of 19 combina-
tions were CTL positive. Patient-specific cytotoxic activ-
ity appeared to be directed against HLA C (cwo cases) or
against a subcype of B35. In the group of DR-subcype-
mismatched combinations, CTL acrivity was found in six

ABBREVIATIONS
CTL cytotoxic T lymphocyte

CTLp CTL precursor
D/R donor-recipient
INTRODUCTION

Conventional typing techniques that are usually satisfac-
tory to determine whether a sibling donor—recipient (D/
R) pair is histocompatible are less precise when an un-
related potential donor has to be tested. The occurrence
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CH-1211 Geneva 14, Switzerland.
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(67%) of nine pairs. In all four cases that were studied in
derail, however, CTL reactivity appeared to be directed
against a variant subtype of B35. We have studied the
B35 incomparibilities recognized in five different combi-
nations by specificity analysis of the B35-specific CTLs
and by partially sequencing of relevant segments of B35
exon 3. Preliminary data show that, within this relatively
small Caucasoid group, at least five B35-variant subtypes
could be distinguished. This would make B35 an antigen
that will be frequently subtype mismatched, in particular
when DR matching is done with low resolution (DR 1-
14) only. Human Immunology 41, 96101 (1994)

GvHD
PCR

graft-versus-host disease
polymerase chain reaction

of serologically indistinguishable HLA subtypes and/or
unknown HLA polymorphism does complicate the anal-
ysis to an extent that a significant number of mismatches
remain undetected. Not only does this prevent optimal
donor selection, but this also hampers the analysis of the
influence of HLA mismatches on the outcome of a trans-
plantation as the degree of being mismatched of a given
D/R combination will often have been incorrectly as-
sessed. This problem is close to being resolved for DRB1
typing [1, 2], where molecular techniques thar distin-
guish most of the alleles within a population have be-
come routine in the tissue-typing laboratory.

Human Immunology 41, 96-101 (1994)
© American Society for Histocompatibility and Immunogenetics, 1994
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For class I, however, matching is still done by serol-
ogy. At present, the consequences of the fact thar this
technique does not discriminate class I subtypes become
evident. Indeed, serologically ABDR-matched D/R pairs
appear to be more frequently AB-subtype mismatched
than has been anticipated [3-5}. Because alloreactive T
cells efficiently recognize these subtype mismatches,
T-cell-mediated complications after transplantation,
such as graft-versus-host disease (GvHD) and graft re-
jection, might be as hazardous as in patients undergoing
transplantation with a donor mismacched for an anrtigen
that is discriminated by serology {6—8].

Class-I-subtype mismatches between serologically
matched unrelated D/Rs also activate cytotoxic T lym-
phocytes (CTLs) in vitro. Therefore, assays thar estimarte
the frequency of patient-specific CTL precursors (CTLp)
are effective tools for predicting the occurrence of GVHD
[6, 8]. These techniques also enable mismatches between
unrelated individuals to be identified directly by char-
acterization of the specificity of the CTL clones {3, 5, 9].
We have used this method to study the incidence of
subtype mismatches of HLA B35, an antigen that is
known to be a composite of at least eight subrypes [10-

14].

PATIENTS, MATERIALS AND METHODS

HLA matching of donor—vecipient pairs. Unrelated donors
were selected on the basis of HLA martching by serotyp-
ing for HLA-A and -B, and by HLA oligotyping for
DR 1-14. All B35-positive patients for whom an unre-
lated donor compatible for the antigens just mentioned
had been recruited since January 1990 were included in
this study. After the first selection, the combinations
were further typed by high-resolution oligoryping for
DR/DQ [1] and serotyping for Cw1-Cw8. In some of
the individuals, no HLA-C allele could be identified.

Primary CTLp-test. Limiting numbers of donor mononu-
clear cells (5 X 10%-0.125 X 10" were cultured in
200-pl 96 round-bottomed plates with constant num-
bers (5 X 107 of irradiated (2500 rad) recipient mono-
nuclear cells as stimulators. After 10 days of culture, the
wells were tested against ' Cr-labeled, phytohemagglu-
tinin-stimulated recipient T-cell blasts {8].

Cloning of patient-specific T cells. Cyrotoxic T-cell clones
were established from the positive wells of the CTLp
assay as described [15]. Specificity toward recipient cells
was tested using autologous (donor) cells and third-party
cells that did not express HLA antigens in common as
negative controls.

Genomic analysis of B35-subtype variants. Partial HLA-
B35 direct sequencing was done after polymerase chain
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reaction (PCR) amplification of cDNA by using a bio-
tinylated 5’ primer and a B-specific 3’ primer {13}, with
minor modifications (Gauchat et al. submitted). After
separation of the biotinylated strand by streptavidin-
coated M-280 Dynabeads, B35 alleles were sequenced by
the dideoxy-chain termination Sanger method (USB kit)
over a segment comprising over 60 nucleotides of exon 3
(amino acids 94-116). Discrimination of B*3501/
B*3508 that differ for a single nucleotide at position 156
was done by oligotyping after B-specific exon-3 PCR
[16] for the B*3508-specific nucleotide sequence encod-
ing Argl56.

RESULTS

Definition of an (ABDR )-matched pair. The definition of a
matched (unrelated) D/R pair depends on the resolution
of the tissue-typing techniques applied. Even a fre-
quently used designation such as ABDR matched is ill-
defined as, for instance, some groups would classify D/Rs
who differ for serologic HLA-AB splits as compatible
[17], whereas others would not {18, 19]. Throughout
this study, we will use the designation ABDR matched
for combinations that are identical for the specificities
that are discriminated by classic serology (A, B, and
DR 1-14), but might still be incompatible for HLA-C,
-DQ, or -DP and for subrypes of HLA-A, -B, and -DR.

Histoincompatibilities in B35-positive ABDR-matched unre-
lated DIR paizrs. Table 1 shows that by high-resolution
typing techniques a number of incomparibilities can still
be detected in the 28 ABDR-matched combinations
studied. Five combinations were HLA-C incompatible.
High-resolution oligotyping {2} revealed DR-subtype
incompatibilities in nine combinations. Furthermore,
patient-specific CTLs could be generated in three DR-
subtype-compatible and in six DR-subtype-incompatible
pairs. Analysis of the CTL specificity showed that in the
DR-compatible combinations the CTLs recognized
HLA-C (two cases) or a B35 variant. In the DR-subtype-
incompatible pairs, all cytotoxicity was directed against
B35 vanants.

Evidence of the occurrence of at least five variant subtypes of
B35 in the Cancasoid population. To characterize the fine
specificity of the CTL clones in more detail, we selected
13 of the 28 combinations for further analysis. These
selected combinations comprise seven of the nine CTLp-
positive, four of the five HLA-C-incompatible, and four
of the nine DR-subtype-incompatible combinations (Ta-
ble 2). The (patienc) B35 antigens inducing (donor) cy-
totoxic T-cell activity were anaiyzed by testing the B35-
specific clones against a panel of B35-positive cells that
were selected to express B35 molecules discriminated by



98 N. Rufer et al.
TABLE 1 CTLp positivity in 28 B35-positive D/R combinations and
analysis of the mismatches recognized by the CTL-clones
DR*
Patients” D/Rs DR subtype #
No B35™ D/R 17 28 19 9
No (%) CTLp™ D/R 6 (35%) 9(32%) 3 (16%) 6 (67%)
Incomparibility recognized B35 (1X) B35 (6X)
Cw7 (2X)

“ Detailed HLA typing of the nine patients (13 D/R combinarions) studied in detail are depicred in Ta-

ble 2.
* ABDR-martched, DR-subtype-matched combinations
* ABDR-matched, DR-subtype-mismatched combinations

CTLs. Four of these cellularly defined B35 variants (A—
D) have been described [9, 20]. Variants 2 (L-L) and A’
(PER and 4029) have isoelectric points idenrical to IEF-
B35.2 and the most acidic IEF-B35* [21}, respectively
(data not shown), and therefore are distinct B35 sub-

types.
The data in Table 3 show that from the five CTLp

TABLE 2 HLA typing of B35" ABDR-matched
donor—recipient combinations”

A B C DRB! CTLp?
pl 24,24 35,35 44 0411,1101
plid 24 35 1,7 0401,1101 +
p2 11 55,35 0402,1501
p2d 11 35,55 0407,1501 +
p3 2,3 35 NT 8,1303
p3d 2,3 35 NT 8,1302 +
pd 3,24 35 1101,1301
pdd 3,24 35 1104,1301 +
pS 3,24 18,35 4,7 301,1501
pSdi 3,24 18,35 4,5 301,1501 +
pSd2 3,24 18,35 4,5 301,1501 ¥
p5d3 3,24 18,35 4,5 301,1501 +
p6 3,32 22,35 3.4 0101,1401
p6d 3,32 22,35 3,4 0101,1401 -
p7 11 13,35 4,6 0101,7
p7d1 11 13,35 4,6 0101,7 -
p7d2 11 13,35 4,6 0101,7 -
p8 26,29 35,38 4 0101,1301
p8d 26,29 35,38 4,7 0101,1301 -
) 1,2 8,35 4,7 0101,0301
pod1 1,2 8,35 4,7 0101,0301 -
p9d2 1,2 8,35 4,7 0101,0301 -

“ Results are shown only for the 13/28 ABDR-matched D/R combinations
that were studied in decail.

¢ Range CTLp: 8/10°-100/10° (number of patient-specific CTLp per 10
donor mononuclear cells).

‘ pl, patient 1; pld1, donor 1 of pacient 1; etc.
“ Incompatibilities are printed in bold italic.
" NT, not tested (blank, not identified).

cultures with anti-B35 acuvity, CTL clones with six
distinct specificities could be established. Donor-derived
CTLs against patient 1 (d — p1) lysed the cells express-
ing the variants A’ and 2. Because the two specificities
appeared to be associated with two distinct sets of T-cell
clones, and none of the clones lysed che targets express-
ing the A-D variants, these clones were considered to be
specific for A’ and 2. Consequently, the B35 serologi-
cally homozygous patient 1 (pl) was assumed to express
A’ and 2 and the donor of patient 4 (p4d) A'. CTL
reactivity of d —> p2 was directed against C. Therefore,
C could be assigned to p2 and p4d. CTL reactivity of d
—> p3 appeared to be directed against variants A and D.
On the basis of the B35 sequences found, however (see
below), p3 could be designated A univocally. In con-
trast, p4 and p5d, for whom we do not yet have conclu-
sive sequence data, cannot be classified and are therefore
designated D? (sequence unknown but A could be ex-
cluded) and A/D.

One other type of cross-reactive CTL clone was found
in d — p4 that yielded two different types of activities.
One clone appeared to be specific for A/D, confirming
the expression of A on p3, the other for A/B/D. Finally,
the CTL reactivity of d — p5 appeared to be specific for
B, thereby assigning B to pld, p2d, p4, p5, and to the
four CTLp-negative combinations p6-9. To investigate
whether the cellular patterns could be directly explained
by the occurrence of different B35-subtype variants, we
performed 2 partial genomic analysis of the five D/Rs
known to comprise the five distinct cellularly defined
B35 variants. We sequenced a segment of over 60 nu-
cleotides of exon 3 to discriminate between B*3501/07/
08, B*3502, B*3503, B*3504, B*3505, and B*3506,
respectively. Furthermore, we performed PCR—
sequence-specific oligonucleotide oligotyping of position
156 in exon 3 to discriminate B*3501 from B*3508. At
present, we are able to identify the sequences of amino
acids 94—116 characteristic for five published B35 sub-
types. Assuming that these sequences indeed represent
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TABLE 3 B35 subtypes and specificity of the alloreactive CTLs
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? As defined by CTLs thar discriminate B35-positive individuals.

¢ CTL clones (2-5/combination) established from primary cultures (d — pl, pacieac 1 wich his ABDR-

compatible donor; etc.)

' Specificity of CTLs based on recognicion of panel cells.

the known subtypes and not new subtypes identical for
the stretch of nucleotides sequenced, we were able to
assign the CTLp positivity of all five combinations to
distinct incompatible B35 subtypes. The most frequent
variant B in our panel was identified as B*3501, the
dominant allele in Caucasoids {21, 22]. Variant A’ was
identified as B*3502, variant A as B*3503, variant 2 as
B*3505, and variant C as B*3508. Therefore, all CTLp
activity could be attributed to the presence of incompat-
ible B35 subtypes. Because all of these subtypes were
present in a relatively small number of Caucasoid indi-
viduals, it is likely that ABDR-matched D/Rs will be
frequently B35-subtype incompatible.

DISCUSSION

Bone marrow transplantation with donors other than
HLA-identical siblings is associated with an increased
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incidence of GvHD and graft rejection {17-19, 23-25].
Although this cerrainly reflects a higher degree of in-
compatibility between donor and recipient, the precise
effect of HLA mismatches has remained difficult to as-
sess. While some studies show significant correlations
between the presence of one antigen mismatch and the
occurrence of GVHD [18, 19, 24} or graft rejection {261,
others do not [17}. The reason for this might be that the
effect of one mismatch is hidden by the effect of mis-
matches of HLA antigens for which D/Rs are supposed to
be compatible. This is not unlikely, as our standard
tissue-typing techniques do not identify all of the vari-
ants of HLA antigens thar the immune system is able to
recognize.

The imperfectness of standard serologic tissue-typing
techniques is well documented for class 1I. Genomic
typing techniques still reveal numerous DR-subtype in-
compatibilities in serologically DR-matched pairs [1,
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27]. It now becomes evident that the same holds for class
1. Cellular {3, 5, 8, 91 and molecular biological tech-
niques {4, 16] still detect a significant heterogeneity in
serologically apparent homogeneous class I antigens. Of
course, due to linkage disequilibrium between the HLA
antigens, the change of being mismatched for class |
subtype varies with the degree of matching for the other
loci. In fact, as we have reported previously [16], the
chance of being mismartched for B44, for instance, is
cather low when a D/R pair is AB/DR-subtype matched.
It is only by accepting such DR-subtype mismatches that
the chance of an additional class-1-subtype mismatch be-
comes significant. This effect seems to be even more
substantial for B3S. In 19 ABDR-matched D/R pairs
who were also matched for DR subtypes, only one B35-
subtype incompatibility was found. In the nine ABDR-
matched D/R pairs who were DR-subtype mismatched,
however, as many as six appeared to be class-1-subtype
incompatible. In all four cases studied, they were iden-
tified as a B35-subtype variant. Therefore, while select-
ing unrelated donors by class I serology and oligotyping
for class 11, two types of DR-subtype-mismatched po-
tential donors will be found. While some will be mis-
matched for the DR subtype only, others will be also
class-1-subtype mismatched. It is clear that when a
search has failed to identify a DR-matched donor and one
would be willing to accept a DR-subtype mismatch,
only the class-I-matched donor would be acceprable. It is
in such circumstances that a high-resolution class I typ-
ing will be a prerequisite.
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Incompatibilities detected by the cytotoxic T-lymphocyle precursor
frequency test [(CTLpf) (Rufer et al. 1993)] in serologically matched
unrelated bone marrow donor/recipient pairs are usually caused by
HLA subtypes (Bodmer et al, 1994) that escape detection by our
routine lissue typing procedures. Here we present the case of a patient
for whom three of six serologically HLA-identical unrelated donors
were incompatible by CTLpfl analysis. By testing patient-specific
clones on a panel of serologically typed individuals, the incompat-
ibility was mapped to the B4l antigen. We report here the complete
nucleotide and deduced amino-acid sequence of a novel B41 subtype,
now referred 10 as B*4102, from one of these donors.

¢DNA polymerase chain reaction (PCR) cloning from donor SBD4
(HLA A1.2: B841: DRB1*0301,1303; DRB3*0101), selection and
sequencing of the HLA-B4l-specific M13 clones were done as
previously described (Gauchal-Feiss et al. 1994). The full-length
sequence of B*¢/02 is shown in Figure 1. B*4102 differs from
B*4]0] by 6 nucleotide substitutions in exon 3 (02 domain):
TTGG = CCTC at positions 354-357, G = C at position 363, and
T = C at position 369. These correspond to the following amino acid
changes : Trp = Leu at codon 95 and Arg = Ser at codon 97. Two
neutral substitutions occured at codons 94 and 99, respectively (Fig. 2).
In order to discriminate the two B41 alleles, we set up a simple
oligotyping procedure, based on exon 3 group-specific PCR, followed
by hybridization with probes W95 [(5'-CTCTGCCAAGTGTG)
(B*4101)] and S97 [(5"-CGTACATGCTCTGG) (B*4102)). Oligotyp-
ing of the patient and four of his donors showed that two doners shared
the B*4101 allele with the patient, whereas the remaining two donors
were B*4102. thereby confirming the CTLpf resulis. A further analysis
of a panel of 11 Bdl-positive Caucasoid individuals showed that
B*4102 is as frequent as the B*4101 allele (7/16).

N. Rufer - E. Roosnek - R. Kressig -+ M. Jeannet - J.-M. Tiercy (3XJ)
Transplantation Immunology Unit. Department of Medicine, Hopital
Cuntonal Universitaire, Geneva, Switzerland

The nucleotide sequence data reporied in this paper have been
submitted to the EMRBI. database and have been assigned the accession
number X81363. The name B*4/02 was officially assigned by the
WHO Nomenclature Committee in November 1994. This follows the
agreed policy that, subject to the conditions stated in the most recent
Nomenclature Report (Bodmer et al, 1994), names will be assigned 10
new sequences as they are identified. Lists of such new names will be
published in the following WHO Nomenclature Report
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1
ANCGGGTCACGGCACCCCGMCCGTCCTCCTGCTGCTCTCGGCGGCCCTGGCCC’ICACC
MRVTAPRTVLLLLSAALALT
61 y ol domamn
GAGACC‘I‘GGGCCGGCTCCCACTCCATGAGGTA"I'I“I'CCACACCGCCATGTCCCGGCCCGGC
ETWAGSHSMRYFHTAMSRPG
121
CGCGGGG}\GCCCCGC’I'PCATCACCGTGGGCTACGTGGACGACACGCTGTTCG'ICAGG'I'TC
RGEPRFITVGVVDDTLFVRF
181
GACAGCG}\CGCCACGAGTCCGAGGMGGAGCCGCGGGCGCCATGGATAGAGCAGGAGGGG
DSDATSPRKEPRAPHIEQEG
241
CCGGAGTAT’MGGACCGGGAGACACAGATCTCCW&CCMCACAthCﬁRCCmG
PEYNDRETQISKTNTQTYEE
301 Y a2 domain
AGCCTGCGGAA.C‘CTGCGCGGCTJ\CTACMCCAGRGCGAGGCCGGGMACMQQICBC
SLRNLRG‘{YNQSERGSHTLQ
36l
AG;&'I(:T&QGGCTGCGACGTGGGGCCGGACGGGCGCC’I‘CCTCCGCGGGCATAACCAGTAC
SNYGCDVGPDGRLLRGHNQY
421
GCCTh(I}ACGGCMGGATTACATCGCCCTGAACGAGGACCTGCGCTCC’IGGACCCCGGCG
AYDGKDYI}\LNEDLRSWTA}\
481
GACACCGCGGCTCAGA‘ICACCCAGCGCMGTGGGAGGC%CCCG'IC’ICCCGGAGCAGGAC
DTAAQITQRKWEAARVAEQD
541
!.GMCWRCCMRMMWGNGMWCMM&TACCMGMW
RRVLEGTC\'ENLRR‘.’LENGK
501 'aj domain
GAC.RCGC‘DGGRGCGCGCGGRCCCCCCAAAGRCACACCNACCCRCCACCCCRTCTCTCRC
DTLERADPPHTHUTHHPISD
561
CATGAGGCCACCCTGAGCTGCTEGGOCCTGEELTTIC TACCCTGCGGAGATCACATTGACT
HE&TLRCWJ\LGFYPAEITLT
721
'lmC.P\GCGGGRNGCC\AGC.\CCWCTCAGG.RCI\CNMGACCAGACCM}CA
HGRDGEDQTQDTELVETRPA
781
GGHGA‘[‘MMCC'I'I‘CI'.'AGMGTGGCCAGCNTGG‘IGGTGCCTICWGMGRGCAGAGR
GDRTFQKWAAVUVPSGEEOH
841 Y o™
TAEACRTGCCA’ICTACJ\GCR’JC&(}GGGC’ICCCGWCCCCNACCCNMRMGCCC
YTCHVOHEGLPKPLTLRNEP
901
TCTTCCCAGTCCACCGTCCCCATCGTGEGCATTG TTGCTGGCCTGECTGTLE TAGCAGTT
SSQSTVPIVGI‘J’AGLI\VLAV
961 ¥y cyt 1
GTGGTCATCGGRGCTG'HSGTCGCTGC’ICNANMWMMGAGCTCWWA
\FVIGA'UVAAVHCRRKSSGCK
1021 cyt 2
GGAGGGAGCTACTCTCAGGCTGCGTGCAGCGACAGTGCC CAGGGCTCTGATGTGTCTCTC
GGSYQQ}\ACSDSAQGSDVSL
1081 1098
ACAGCTTGAAAAGCCTGA
A T

Fig. 1 Complete nucleotide (1-1098) and deduced amino acid
sequence of the B*4/02 allele. Nucleotides differing from B*4]0]
are underlined. Arrowheads mark exon boundaries

Fig' 2 Comparison of the 3::?: ACC CTC CAG RGG ATG TAT soéu
B*4]0/ and B*4102 nucleotide s S g
and amino acid sequences from

codons 93— 100 of the o2-domain

Consensus
HLA B°4101
HLA B*4102 —-= ~-= === === =-C ===

anC -

91 94 95 96 97 98 99 100

Consensus  His Thr Leu Gln Arg Wet Tyr Gly
™ - - - - -

HLA B*4101

HLA B*4102 - ser -

Rufer. N.. Breur-Vriensendorp, B. S., Tiercy, J.-M., Slavcev, A, S.,
Lardy, N. M., Francis, P, Kressig, R.. Speiser, D. S., Helg, C.
Chapuis, B., Gratwohl, A., Jeannet, M., and Roosnek, E. High
resolution histocompatibility testing of a group of sixteen Bd4-
positive, ABDR serologically matched unrelated donor-recipient
pairs. Hum Immunol 38: 235-239, 1993
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5.1 ABSTRACT

As compared with related HLA identical sibling donors, bone marrow
transplantation (BMT) with phenotypically HLA ABDR-'compatible’ unrelated
donors is associated with increased mortality. This may be due to hidden
HLA incompatibilities not detected by conventional typing. We have analyzed
44 unrelated patient-donor pairs who were matched for HLA-A, -B, and -DR by
routine tissue typing. Our comprehensive HLA typing approach consisted of
serology, cytotoxic T cell precursor (CTLp) tests, T cell cloning, oligotyping and
DNA sequencing. By these techniques we identified numerous HLA allele
mismatches not detected by the previously applied routine typing. 24 patient-
donor pairs were highly matched and had a low CTLp frequency, while the
remaining 20 pairs were allele mismatched for HLA-A,-B,-C;DR,-DQ antigens,
and/or had a positive CTLp test. Patient and donor age, diagnosis, and
treatment did not differ significantly between the 'matched’ and 'mismatched’
transplants. The probability for severe acute graft-versus-host disease grades
-1V was 21% in the 'matched' and 47% in the 'mismatched’' patients
(p=0.0464). Transplant related mortality was 21% and 57% (p=0.0072) and
actuarial patient survival rates at three years 61% and 13% (p=0.0005). We
conclude that both HLA class | and class Il allele mismatches between unrelated
phenotypically ABDR-'compatible' patient-donor pairs are frequent and

associated with increased incidence of posttransplant complications.

5.2 INTRODUCTION

Allogeneic bone marrow transplantation (BMT) is an accepted treatment for

numerous hematological disorders.?-3 The success rate of BMT has steadily

increased in recent years, but graft-versus-host disease (GvHD) and other

immune dysfunctions are still major causes of posttransplant mortality.4% The

degree of HLA compatibility between patient and donor significantly influences

the incidence and severity of such complications.6-77
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Only about 35% of patients have a genotypically HLA identical sibling donor. For
many of the remaining patients it is now possible to find an HLA ABDR-
‘compatible’ unrelated donor among approximately 2.6 million volunteers so far
registered. It is important to note, however, that such donors will only be
phenotypically (but not genotypically) HLA matched. Moreover, there is distinct

evidence that fine HLA specificities frequently differ between conventionally
typed HLA ABDR-'compatible' unrelated individuals,’7-76 a relevant finding for

graft outcome. 77 Because standard HLA typing techniques do not discriminate
between many of the existing (and in part as yet not characterized) polymorphic
HLA alleles, an unrelated donor might be phenotypically ABDR-'compatible' but
nevertheless incompatible at the DNA sequence level for one or more
HLA alleles.

Compared with HLA genotypically identical related BMT, unrelated grafting is

associated with a higher mortality rate.”-70 We addressed the hypothesis that
this may be due to HLA allele mismatches undetected by routine typing

methods. 12

5.3 PATIENTS AND METHODS

Patient population. All 34 consecutive transplants performed in the years 1990-
1994 in patients from Switzerland were included in this study; no patients were
excluded. In addition, all patients (5) from Helsinki and all patients (5) from
Hamburg for whom sufficient blood cells had been cryopreserved to allow
cytotoxic T lymphocyte precursor (CTLp) and HLA subtype analysis were

included.

Diagnoses, stage of disease at the time of transplantation, age of patients and
donors, CMV serology, preconditioning, and GvHD prophylaxis are shown in
Table 1. 40% of the donors were female (55% in the 'matched', 22% in the
'mismatched' group), 48% of the patients were female (48%,47%), and 45% of

the transplants were sex mismatched (61%,32%). There was no statistically
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significant difference between 'matched’ and ‘mismatched’ grafts with respect to
diagnosis, age, sex matching, CMV serology, preconditioning, and GvHD

prophylaxis.

HLA typing and patient-donor matching. According to our selection policy, no
unrelated donors other than those who were HLA ABDR 'compatible’ defined by
HLA-A and -B serology (including splits) and generic oligotyping for HLA DR1-14
were accepted for bone marrow donation. Blood samples of the 44 patients and
167 unrelated donors recruited through the unrelated bone marrow donor
registries were analyzed. Each patient was transplanted with the donor who had
the highest achievable HLA-compatibility. HLA-A and -B was typed by serology.
The subtypes of HLA-A2, A3, B35, and B44 were determined as described.6,18
HLA-C SSO-oligotyping was done using an HLA-C specific PCR with primers
5CIn1-61 and 3BCIn3-1279 followed by hybridization with 26 SSO probes
including 19 probes form ref.20 implemented with 7 probes testing codons Q35,
A73, R91, H129, E155, K173, and S178. Hybridization patterns obtained with
these 26 probes allowed the discrimination of 23 HLA-C alleles. HLA-DRB DNA
typing was performed by the DR microtiter plate oligotyping assay,?’ and
additional DRB1 subtypes, DQB1, and DPB1 alleles were determined by
hybridization with sequence specific oligonucleotide (SSO) probes after
polymerase chain reaction (PCR) ampilification.’422 The CTLp test was
conducted in GvH direction as described by Kaminski et al.23 The test was
considered positive when the precursor frequency was three or more per million
PBMC. Subsequently, we generated CTL clones from the positive wells of the
CTLp test which confirmed it's positive result and allowed the characterization of
the mismatched HLA antigens using panel cells expressing various HLA
phenotypes. Finally, the HLA alleles encoding the incompatible antigens
recognized by the CTL clones were analyzed by DNA sequencing24 and/or
oligotyping as described above. No HLA-A or -B allele differences could be
detected in 24/25 unrelated control pairs with a negative CTLp test. Therefore, a

negative CTLp test was predictive for HLA-A and -B compatibility at the allele
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(sequence) level25 making it non-essential to molecularly type all HLA-A and -B
alleles of the CTLp negative patient-donor pairs. In parallel to the CTLp test
performed in GvH direction, all incompatibilities in GvH direction (donor
homozygous / patient heterozygous) but not in rejection direction (patient

homozygous / donor heterozygous) were considered as mismatches.

Bone marrow transplant procedure. Patients were transplanted in the five
different centers (University Hospitals of Basel, Geneva, Hamburg, Helsinki, and
Zirich). Preconditioning was as indicated in Table 1. Preconditioning of the 6
non-leukemic patients was fractionated total body irradiation (3/6), total lymphoid
irradiation (1/6), cyclophosphamid (4/6), busulphan (2/6), and VP16 (3/6). GvHD
prophylaxis (Table 1) was comparable in the matched and mismatched groups:
in vivo T cell depletion, cyclosporin A (CsA) and methotrexate (MTX) were
applied in 28% of the patients (29% in the 'matched’, 26% in the 'mismatched'
group); in vivo T cell depletion and CsA in 7% (4%,11%); CsA and MTX in 61%
(63%,58%); and CsA alone in 4% (4%,5%). In vivo T cell depletion employed the
monoclonal antibody Campath-1G (day -4 to +5; 10 mgi.v./day). GvHD was

classified according to the criteria described by Glucksberg et al.26

Statistics. All patients were followed throughout the entire study period (January
1990 to May 1995) and for at least 6 months after BMT or until death. The
mean £ SD follow-up of surviving patients was 866 + 529 and 926 + 526 days for
the 'matched' and ‘mismatched' group, respectively. The Kaplan-Meier method

and the logrank-test were employed to calculate and compare the probabilities of

GvHD, TRM and survival.2”7 The remaining parameters were assessed using the

Chi-square test. Not significant (n.s.) is indicated where p>0.05.
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Table 1. Patient characteristics and treatment

all patients | HLA 'matched' p HLA
'mismatched'

(number of patients) (44) (24) (20)
age
patient age (years; meantSD) 24.3+12.7 23.4+11.7 n.s. 25.3+13.6
donor age (years; meanSD) 38.6%8.5 38.116.4 n.s. 39.0+10.1
diagnosis
acute myeloid leukemia (n) 13 8 5
acute lymphoid leukemia (n) 6 2 4
chronic myeloid leukemia (n) 19 12 7
myelodysplastic syndrome (n) 4 2 2
Wiskott-Aldrich syndrome (n) 1 - 1
Histiocytosis (n) 1 - 1
BMT in advanced disease *
relapse (n) 4 1 3
accelerated phase (n) 3 1 2
blast crisis (n) 1 1 -
CMV serology (donor/patient)
negative / negative (%) 41 45 n.s. 35
negative / positive (%) 5 - n.s. 12
positive / negative (%) 30 30 n.s. 29
positive / positive (%) 24 25 n.s. 24
preconditioning
fract. total body irradiation (%) 86 87 n.s. 83
total lymphoid irradiation (%) 9 9 n.s. 8
cyclophosphamid (%) 93 93 n.s. 92
GvHD prophylaxis
in vivo T depletion (%) 35 33 n.s. 37
CsA (%) 100 100 n.s. 100
MTX (%) 89 92 n.s. 84

* 'Relapse' refers to patients with acute leukemia in relapse; 'accelerated
phase'/'blast crisis' refers to patients with advanced chronic myeloid leukemia.
The mean + SD time from diagnosis to transplantation was 603 + 267 and
680 + 494 days for the 'matched' and 'mismatched' group, respectively. (n),

number of patients.
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5.4 RESULTS

HLA incompatibilities not identified by routine HLA typing were detected using
high resolution HLA matching techniques. While 24 (55%) of the patient-donor
pairs were HLA matched for A, B, C, DRB1, B3, B5, DQB1 alleles (Table 2a),
mismatches were found in 20 (45%) pairs (Table 2b; HLA mismatches in bold
characters). In nine patient-donor pairs there were mismatches for DRB1/B3/B5
and/or DQB1 alleles. Three of them were mismatched for two alleles, either
DRB1/DQB1, DRB1/B5, or DQB1/C (UPN 376, 420, 326). The remaining
eleven patient-donor pairs were matched for class Il antigens but mismatched
for HLA-A, -B, -C and/or had positive cytotoxic T cell precursor tests (Table 2b).
The subsequent cellular and molecular analysis confirmed that the CTL activity
was in most cases directed against mismatched HLA class | antigens. The CTLp
test was positive in all cases of HLA-A, -B, or -C mismatches with the exception
of two patient-donor pairs with HLA-C incompatibilities (UPN 298, 145).
Furthermore, there were three CTLp positive patient-donor pairs (UPN 285, 390,
440) without detectable HLA mismatches but with CTL clones specific to
particular HLA class | antigens. We could not identify structural differences of
these antigens indicating that the CTLs reacted against mismatched 'minor'
transplantation antigens. In summary, we identified 20 patient-donor pairs with
HLA mismatches and/or a positive CTLp test. Full compatibility for HLA-A,
-B, -C, -DRB,-DQB and a negative CTLp test was found in 24 patient-donor
pairs. In the following we will refer to the former 20 as the 'mismatched’

transplants and the latter 24 as the 'matched’ transplants.

HLA-DPB1 oligotyping revealed that only eight (18%) patient-donor pairs were
DPB1 matched (23% in the 'matched' and 13% in the 'mismatched’ group).
Because of this high mismatch frequency, DPB1 compatibility was not taken into

account for allocation to the ‘matched' and 'mismatched’ group.

High degree acute GvHD grade lll-IV was observed in 21% of the 'matched' and
47% of the 'mismatched' transplants (p=0.0464, Table 3). In contrast, there was
no difference in moderate to severe acute GvHD grade II-IV. The mean grade of
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skin GvHD was also similar in the two groups, but the mean grade of liver and
gut GvHD was significantly higher in patients receiving 'mismatched' grafts. The
incidence of limited and extensive chronic GvHD was comparable in the two

groups with a relatively low overall incidence (17%) of extensive chronic GvHD.

Infectious diseases were only slightly but not significantly more frequent in the
mismatched as compared to the matched group (Table 3). Bacterial sepsis,
CMV pneumonia, and toxoplasmosis were observed in both groups, whereas the

two cases of aspergillosis occurred in the matched group.

Major causes of death were GvHD, infection, and leukemia relapse (Table 3).
Graft failure was observed in two patients, both with CML transplanted more
than one year (14 and 18 month) after diagnosis, one in the first chronic phase
and the other in blast crisis. Three of the four patients with acute leukemia
transplanted in relapse died from a further relapse diagnosed between 90 and
861 days after BMT. In contrast, the four patients transplanted in advanced CML

died from acute GvHD grade IV (2x), interstitial pneumonitis and graft failure.

The transplant related mortality (TRM) was significantly more frequent in
'‘mismatched' than 'matched' grafts (Figure 1; p=0.0072). Similarly, the survival
probability, according to Kaplan-Meier analysis, was significantly better for the

'matched' than the 'mismatched' transplants (Figure 2; p=0.0005).

In view of the known poor prognosis associated with transplantation in advanced
disease stage, the comparison of ‘matched' and ‘mismatched' transplants was
repeated after exclusion of the eight patients with advanced disease. The results
were comparable to those obtained without exclusion of high risk patients, with
acute GvHD IlI-IV being 23% and 54% (p=0.041), TRM 14% and 70%
(p=0.0003) and three year survival probability 67% and 21% (p=0.0002) in

'matched' (h=21) and 'mismatched' (n=15) grafts, respectively.

The complete typing of all six classical HLA loci allowed the evaluation of HLA
class | mismatches in class Il matched BMT and vice versa. Therefore, we

performed an additional analysis after splitting the 'mismatched' transplants in
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two groups, i.e. HLA class | and HLA class || mismatched grafts and compared
them to the '‘matched' group defined above. No significant correlation was
observed between matching and severe acute GvHD grades llI-IV (Table 4).
TRM was significantly higher in the HLA class Il mismatched transplants. Finally,

patient survival correlated significantly with both class | and class Il mismatches.
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Table 2a. Histocompatibility of the ‘matched’ patient-donor pairs

UPN A B cw DRB1 DRB3,5 DQB DPB CTLp aGvH
383 pl2 22,62(15) 1,3 0401 0302 0401 neg | Ii
d| 2 22,62(15) 1,3 0401 0302 0401 Alive
349 p| 326 7,49(21) 0702 0405,1501 DRB5*0101 0302,0602 02011,0401 | neg [ |
d| 3,26 7,49(21) 0702 0405,1501 DRB5*0101 0302,0602  02011,0401 Alive
373 p| 2,28 44(12),44(12) 0501 1301,0401 DRB3*0101 0301,0603 0401 neg | 1Nl
d| 2,28 44(12),44(12) 0501 1301,0401 DRB3*0101 0301,0603 0401 Dead
538 p|229(19) 18,4403 7 0701,1101 DRB3*02 nd 0201,0401 neg [ I
d| 2,29(19) 18,4403 0701,1601 | 0701,1101 DRB3*02 nd 0201,0401 Alive
269 p| 1.3 7,4403 0702,1601 | 1501,07  DRB5*0101 0201 0401,1101 neg | Il
d| 1,3 7,4403 0702,1601 | 1501,07  DRB5*0101 0201 0401,1101 Dead
360 p| 1,31(19)  8,51(5) 0501,0701 | 0301,1301 DRB3*0101,02 0201,0603  0101,0201 neg | -
d| 1,31(19)  8,51(5) 0501,0701 | 0301,1301 DRB3*0101,02 0201,0603  0101,0201 Alive
259 pl|2,20(19)  4403,51(5) nd 07,1101 DRB3*02 0201,0301  1101,1401 neg | Il
d| 2,29(19)  4403,51(5) 1203,1601 | 07,1101  DRB3*02 0201,0301 0401 Alive
388 p| 228 8,13 6,7 0301,0701 DRB3*0101 0201 0101,0401 tf |
d| 2,28 8,13 6,7 0301,0701 DRB3*0101 0201 0401,1701 Dead
138 p|3,32(19)  3501,22 0304,04 0101,1401 DRB3*02 0501,0503 0402 neg | 1l
d| 332(19)  3501,22 0304,04 0101,1401 DRB3*02 0501,0503 0401 Alive
165 p| 1,2 8,44(12) 0701,08 0301,0801 DRB3*0101 0201,04 0401,0101 neg | I
d| 1,2 8,44(12) 0701,08 0301,0801 DRB3*0101 0201,04 0401 Alive
286 p| 2 44(12),54(5) 0501 0401,1301 DRB3*0101 0301,0603  02011,0401 | neg | -
d| 2 44(12),51(5) 0501 0401,1301  DRB3*0101 0301,0603  0101,0401 Alive
242 pl23 7,35 04,0702 0101,1501 DRB5*0101 0501,0802  0401,0501 neg | Il
d|23 7,35 04,0702 0101,1501 DRB5*0101 0501,0602 0401 Alive
278 p| 1,3 7,60(40) 0304,0702 | 1501,1302 DRB3*0301 0602,0604  0201,0301 neg [
d| 13 7,60(40) 0304,0702 | 1501,1302 DRB3*0301 0602,0604 0401 Alive
366 p|22510)  37,62(15)  0303,06 0401,1001 0305,0501  0402,0901 neg | -
d| 225(10)  37,62(15)  0303,06 0401,1001 0305,0501 0401 Dead
382 pf 12 8,44(12) 0501,0701 | 0301,1301 DRB3*0101 0201,0603  0101,0401 neg [ -
d| 1,2 8,44(12) 0501,0701 | 0301,1301 DRB3*0101 0201,0603  0401,0402 Alive
353 p|3.32(19) 7 0702 1501 DRB5*0101 0602 0201,0501 neg | Il
d| 332(19) 7 0702 1501 DRB5*0101 0602 0401 Dead
503 p| 1,2 8,35 4,7 0101,0301 DRB3*0101 0501,0201  0401,1501 neg [ Il
d| 1,2 8,35 47 0101,0301 DRB3*0101 0501,0201  0401,1101 Dead
418 p| 0201 3501,62(15) 3 1301,0802 DRB3*02 nd 0301,0401 neg | Il
d| 0201 3501,62(15) 3 1301,0802 DRB3*02 nd 0401 Alive
384 p| 24(9)26(10) 55(22),62(15) 0303 16,1101 DRB3*02,5%02 0301,0502  0901,0401 neg | IV
d| 24(9),26(10) 55(22),62(15) 0303,01 16,1101 DRB3*02,5*02 0301,0502  02012,0401 Dead
222 p|232(19)  27,61(40) 02 1101 DRB3*02 0301 0401,0201 neg | Il
d| 2,32(19)  27,61(40) 01,02 1101,0103  DRB3*02 0301 0402 Alive
414 pl 2 27,35 4 0101 nd 0401 neg | Il
d| 2 27,35 41 0101 nd 0101,1301 Alive
531 p| 2,11 52(5),38(16) nd 1104,1301  DRB3*0101,02 nd 0201,0202 neg | |
d| 2,11 52(5),38(16) nd 1104,1301  DRB3*0101,02 nd 0201,0301 Dead
307 p| 26(10),29(19)3501,38(16) 0401,1203 |0101,1301 DRB3*0101 0501,0603  nd neg | I
d| 26(10),29(19)3501,38(16) 0401,1203 | 0101,1301 DRB3*0101 0501,0603  nd Alive
512 p| 1 8 7 1301,0301 DRB3*0101 nd nd neg | H
d| 1 8 7 1301,0301  DRB3*0101 nd nd Alive
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Table 2b. Histocompatibility of the ‘mismatched’ patient-donor pairs

UPN A B cw DRB1 DRB3,5 DQB DPB CTLp aGvH
376 p| 2,11 35,57(17) 04,06 0401,0103 0501,0301 nd neg | M
d| 2,11 35,57(17) 04,06 0401,0101 0501,0302 nd Dead
347 p| 3 7 0702 07,0404 0201,0302  0301,0401 neg | -
d| 3 7 0702 07,0402 0201,0302  0501,02011 Dead
433 p| 1,24(9) 27,39(16) 2 0101,1101  DRB3*0202 0301 0401,0201 pos | IV
d| 1,24(9) 27,39(16) 2 0101,1102 DRB3*0202 0301 0301,0201 Dead
387 p| 13 50(21),57(17) 06 07,1104 DRB3*02 0301,0303 nd neg | IV
d| 1,3 50(21),57(17) 04,06 07,1102 DRB3*02 0301,0303 nd Dead
420 p| 1,0201 2702 2 0101,1601 DRB5*0201 nd 0401,0402 tf |
d| 1,0201 2702,2705 2.1 0101,1501 DRB5*0101 nd 0301 Alive
266 p| 23(9),24(9) 4403,60(40) 0304,04 07,1301 DRB3*0101 0201,0603  0402,0301 neg [ I
d| 23(9),24(9) 4403,60(40) 0304,04 07,1301 DRB3*02 0201,0603  0402,0201 Dead
364 p| 11,26(10) 3560(40)  0304,04 0101,0402 0501,0302  02011,0401 | neg [ 1l
d| 11,26(10)  35,60(40)  0304,04 0101,0402 0501,0305  0401,0501 Dead
330 p| 23 8,22 1,7 1501,0301 DRB3*0101,5*0101 0602,0201 0402,0401 neg | Il
d| 23 8,22 1,7 1501,0301 DRB3*0101,5*0101 0601,0201  0101,0601 Dead
326 p| 24(9),31(19) 7.62(15) 0303,15 1501,0401 DRB5*0101 0602,0301  0401,0501 tf | v
d| 24(9),31(19) 7,62(15) 0702 1501,0401 DRB5*0101 0602,0302 0401 Dead
331 p| 0201,0301 18,3501 04,0701 0101 0501 0401,0402 pos | i
d| 0206,0301 18,3501 04,0701 0101 0501 0401,0402 Alive
172 p| 0201,3 4402,40 0304,0501 |[0101,1302 DRB3*0301 0501,0604  0401,0301 pos | Nl
d| 02133 4402,40 0304,0501 | 0101,1302 DRB3*0301 0501,0604  0401,0201 Dead
180 p| 0201,0205 4402,60(40) 0501,0304 |1501,0404 DRB5*0101 0302,0602  0401,0402 pos | -
d| 0201,0201 4402,60(40) 0501,0304 |[1501,0404 DRB5*0101 0302,0602  0401,0402 Dead
285 p| 0201 60(40) 0304 1302 DRB3*0301 0604 nd pos | il
d| 0201 60(40) 0304 1302 DRB3*0301 0604 nd Dead
390 p| 2,0301 7,1401 0702,0802 | 0401,1501 DRB5*0101 0302,0602  0401,0601 pos | 1
d| 2,0301 7,1401 0702,0802 | 0401,1501 DRB5*0101 0302,0602  02011,0402 Dead
440 p| 1,25(10) 8,3501 nd 0101,1401 DRB3*0201 0501 0401 pos | Nl
d| 1,25(10) 8,3501 nd 0101,1401 DRB3*0201 0501 0402,0201 Dead
208 p| 3,23(9) 4403,27 01,04 0301,07 DRB3*0101 0201 0201,2301 neg | I
d| 3,23(9) 4403,27 02,04 0301,07 DRB3*0101 0201 0401 Alive
273 p| 24(9),3 27,7 0304,0702 | 0401,1501 DRB5*0101 0302,0602  0401,1401 pos | I
d| 24(9),3 27,7 02,0702 0401,1501 DRB5*0101 0302,0602  0401,0402 Dead
145 p| 3,32(19) 7,39(16) 05010702 | 1501,1301 DRB3*02,5*0101 0602,0603  0201,0402 neg | -
d| 3,32(19) 7,39(16) 0304,0702 | 1501,1301 DRB3*02,5*0101 0602,0603  1001,0401 Alive
352 p| 0301,24(9) 18,3501 04,0701 0301,1501 DRB3*02,5*0101 0201,0602 nd pos | i
d| 0301,24(9) 18,3501 04,0501 0301,1501 DRB3*02,5*0101 0201,0602 nd Dead
528 p| 0201,32(19) 4402,14 58 0102,1104 DRB3*02 nd nd pos | IV
d| 0201,32(19) 4402,14 7.8 0102,1104 DRB3*02 nd nd Dead

The precise HLA matching was determined as described in ‘Patients and Methods’. Patient-donor

pairs matched for all the HLA-A, -B, -C, -DRB1/B3/B5, and -DQB1 alleles, and with a negative
CTLp test, were assigned to the ‘matched’ group (Table 2a). In contrast, the ‘mismatched’ group
(Table 2b) consisted of patient-donor pairs with mismatches (in bold characters) at the HLA-A,
-B, -C, -DRB1/B3/B5, and/or -DQB1 locus, and/or with a positive CTLp test. Incompatibilities in
rejection direction only (patient homozygous, donor heterozygous) were not considered as

mismatches (UPN 384, 222, 414). In three patient-donor pairs we could not identify structural
differenes of the HLA class | antigens recognized by the CTL clones (UPN 285: A*0201; UPN 390:

B*1401; UPN 440: B*3501). In one of them (UPN 285) the CTL clones were found to be reactive
against a male specific ‘minor’ transplantation antigen in association with HLA-A*0201. d, donor;

nd, not done; p, patient; t.f., technical failure; UPN, unique patient number.
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Table 3.

Clinical results

all patients HLA p HLA
'matched' 'mismatched'
(number of patients) (44) (24) (20)
acute GvHD (%)
grades lI-IV (%) 73 71 n.s. 75
grades -1V (%) 30 21 0.0464 47
skin GvHD (grade; mean+SD) 1.8+11 1.8+1.1 n.s. 1.6+1.1
liver GVHD (grade; mean+SD) 1.1+15 0.7+1.2 0.0469 1.6+1.6
gut GvHD (grade; mean+SD) 1.0+£1.3 06+1.0 0.0340 14+15
chronic GvHD (%) 55 55 n.s. 56
limited (%) 38 35 n.s. 44
extensive (%) 17 20 n.s. 12
infectious diseases: total (n) 23 11 n.s. 12
bacterial sepsis (n) 4 2 n.s. 2
CMV pneumonia (n) 7 3 n.s. 4
toxoplasmosis (n) 2 1 n.s. 1
aspergillosis (n) 2 2 n.s. -
other, not specified (n) 8 3 n.s. 5
causes of death @
GvHD 10 4 n.s. 6
infection # 15 5 <0.05 10
leukemia relapse 4 1 n.s. 3
graft failure 2 2 n.s. -

@ The numbers of patients with the causes considered to be (co-)responsible for
death are shown (1 or 2 causes per patient). # Infections include CMV
pneumonia (5), aspergillosis (2), bacterial sepsis (3), toxoplasmosis (1), and not
specified (4). The numbers of patients that could be evaluated for acute GvHD
were 23/19 and for chronic GvHD 20/9 for the 'matched' / 'mismatched’ groups,
respectively. HLA matching, GvHD, TRM, and survival did not differ significantly
between the five participating transplantation centers (data not shown). (n),

number of patients.
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Table 4. Clinical results of HLA class | and class Hl allele mismatched

transplants

HLA HLA class | HLA class Il
'matched’ mismatched mismatched
{number of patients) (24) (11) p 7) p
severe acute GvHD llI-1V (%) 21 38 n.s. 43 n.s.
transplant related mortality (%) 21 45 n.s. 64 0.038
survival (%) 61 18 0.011 14 0.002

The results of the 24 HLA 'matched' patients are the same as shown in Table 3
and Figures 1 & 2. The 20 'mismatched' patients therein have been divided in
two groups: the 11 patients mismatched for HLA class | and the 7 patients
mismatched for HLA class ll. The p values (logrank-test) compare these two
groups with the 24 'matched' patients. Percentages indicate probabilities

determined by the Kaplan-Meier method.27 Two patients (UPN 326 and 433)
were not considered for this analysis because of combined HLA class | (HLA-C

and CTLp positive) and class Il (DQB1 and DRB1) mismatches.
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Figure 1
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Figure 2

Survival
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5.5 DISCUSSION

In related BMT, the degree of HLA compatibility correlates with the incidence of
posttransplant complications. 3.6 Unfortunately, the situation in unrelated BMT is

less clear.9-77 Routine HLA typing techniques are sufficiently precise for the
matching of siblings but are not suitable to detect minor polymorphic differences
of human transplantation antigens. Therefore, unrelated patient-donor pairs are

often mismatched for antigens not discriminated by conventional typing. The

introduction of oligotyping for HLA class {174 has been a considerable progress
and has recently allowed to demonstrate a significant correlation between
HLA-DRB1 allele matching and GvHD.28.29 However, the clinical significance of
high resolution HLA class | plus class Il matching has not yet been
demonstrated. This lack of comprehensive HLA matching studies is due to the
low resolution of the routine HLA class | typing methods. Although DNA

sequencing of donor and patient HLA genes allows the precise evaluation of

individual HLA matching, 72 further technological progress is required before this
approach can be applied routinely. Our strategy consisting of a combination of
serology, cellular techniques, and oligotyping allowed identification of most HLA

allele incompatibilities, while DNA sequencing was only necessary in the few

remaining cases of previously not characterized alleles. 16,25

The finding that patient survival was significantly better in the 'matched’ group
indicates that HLA allele incompatibilities only detected by high resolution typing
and missed by conventional techniques are clinically relevant. There were no
major differences between the 'matched' and the 'mismatched' group with
respect to demographics, diagnosis, risk factors and treatment modalities, apart
from an imbalance concerning the eight patients transplanted in relapse,
accelerated phase or blast crisis. However, after exclusion of these patients, the

differences in TRM and patient survival remained statistically significant.
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Moderate to severe GvHD grades II-IV was frequently observed and did not
correlate with the degree of HLA matching. However, in the HLA 'mismatched'
group the grades of acute liver and gut GvHD were significantly higher and
severe acute GvHD IlI-IV occurred more frequently. Therefore, the 'matched’
and 'mismatched' groups differed in the severity but not the incidence of GvHD.

Interestingly, the overall incidence of severe acute GvHD grades lIFIV was

rather low when compared with findings in other studies.9 70

No major differences in the incidence of infectious diseases were observed
between the two groups. However, the incidence of fatal infections was higher in
the 'mismatched' vs. the 'matched’ group (10 vs. 5; Table 3). Therefore, the two
groups differed in the severity rather than the incidence of infections. In contrast
to the relatively low overall incidence of severe GvHD, the overall incidence of
lethal infections was relatively high in our patients. This is in disagreement with

some earlier observations showing a correlation between the rates of severe

acute GvHD and infection.30 In our study, only 4 of the 15 patients with death
associated infections suffered from severe acute GvHD Ili-IV. A possible
explanation is that in vivo T cell depletion and strong immunosuppressive
therapy efficiently prevented severe acute GvHD but favoured the development
of severe infections. It is desirable to improve our means to predict GvHD in
order to adapt GvHD prophylaxis individually for each patient. One step towards

this goal is the precise characterization of HLA matching. Other GvHD
influencing factors such as 'minor' transplantation antigens,37 bacterial

infections, 32 irradiation, or pretransplant immune reactivity must also be

considered. New transplantation protocols perhaps including the transfusion of

large numbers of donor hemopoietic stem cells33 may further reduce the

incidence and/or the severity of GvHD.
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The frequency of HLA-C incompatibilities was relatively low confirming the
reported high linkage disequilibrium between the HLA-C and the HLA-B locus.
The clinical results in the five patients with isolated HLA-C mismatches were as
follows: severe acute aGvHD 1/5, TRM 2/5, and survival 2/5. Thus, our study did

not allow to draw firm conclusions on a possible prognostic value of isolated

HLA-C incompatibilities.’?

In agreement with previous reports showing that HLA-DP antigens are very
frequently mismatched, 72.73,75 only 18% of the patient-donor pairs in our study
were matched for HLA-DP. This is due to the considerable DPB1 polymorphism
and the low linkage disequilibrium between DPB1 and DR/DQ loci. For the
majority of patients it remains impossible to find an unrelated HLA matched

donor with HLA-DP compatibility, making it difficult to evaluate the clinical

significance of HLA-DP matching.?2.13,75

By making the criteria for compatibility more severe, the chance of finding a
matched donor decreases. To compensate for this, we analyzed up to 25 donors
for those patients who had difficulties in finding a highly matched donor. We
found that approximately 10-15 unrelated donors per patient can be analyzed
within a reasonable time.34 Nevertheless, the patient's disease stage and
treatment policy have to be taken into account for correct decisions on search
and matching strategy. In urgent situations, such as aplastic anaemia, it is not
possible to prospectively perform extended time consuming (cellular)
investigations. In non-urgent cases however, there is usually sufficient time (i.e.
about three months) for the allocation of an optimal donor, if the donor search is
started early after diagnosis. During 1994, our search and matching strategy has
allowed us to find a highly HLA compatible (HLA-A, -B, -DRB1/B3/B5, -DQB1
subtype matched and CTLp negative) donor for 35% of our patients searching

for an unrelated donor.

99



We conclude that HLA allele mismatches are associated with increased
posttransplant mortality. Although the patient groups were small and
heterogeneous, the differences in clinical outcome were statistically significant.
Nevertheless, our findings should be confirmed in larger patient populations.
HLA typing on DNA sequence level will allow to evaluate the clinical importance

of mismatches of individual HLA alleles. In the future, this will eventually lead to

the characterization of clinically acceptable mismatches. 70.77 Until then, avoiding
incompatible donors by the selection of the most compatible available donor
using high resolution HLA typing may further improve the prognosis of patients

undergoing unrelated BMT.
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6.1 ABSTRACT

To determine the respective role of major and minor histoincompatibilities in
transplantations with marrow from donors other than HLA-identical siblings, we
characterized the antigens recognized during graft versus host disease (GvHD)
in five patients transplanted with marrow from donors who were
histoincompatible for different types of HLA antigens. Patient 1 was mismatched
for one "ABDR-antigen" (HLA-A2 versus A3). Two patients were mismatched for
antigens that would usually not be taken into account by standard selection
procedures. Patient 2 was mismatched for a “HLA-A subtype” (A*0213 versus
A*0201), while patient 3 was mismatched for HLA-C (HLA-Cw5 versus
HLA-Cw7). All three mismatches were detected by a pretransplant cytotoxic
precursor (CTLp) test. Of the 2 other combinations that were CTLp-negative,
patient 4 was ABCDRDQ matched at the molecular level, but mismatched for DP
(DP*1101 vs. DP*0201), while patient 5 was matched for all 6 loci.

Analysis of the specificity of the cytolytic T cell clones isolated post
transplantation, showed that the incompatibilities detected by the pretransplant
CTLp-assay, were the targets recognized during GvHD. Independent of whether
the incompatibility consisted of a “full” mismatch, a “subtype” mismatch or an
HLA-C mismatch, all clones recognized the incompatible HLA molecule. Only in
the two CTLp-negative combinations was the anti-recipient CTL-activity directed
against minor histocompatibility antigens (mHag).

These data show that also the incompatibilities not considered by routine tissue
typing techniques are relevant mismatches recognized after transplantation.
Furthermore, they indicate that major histocompatiblity mismatches represent
immunodominant epitopes that constrain the allogeneic response towards
mHags and that therefore, mHag incompatibilities might be less important in

donor/recipient pairs already mismatched for a major histocompatibility antigen.
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6.2 INTRODUCTION

Allogeneic bone marrow transplantation is an important therapy for patients with
hematological disorders or inborn errors of the immune system.’® Success rates
depend heavily on the histocompatibility between donor and recipient and, when
available, an HLA-identical sibling will always be the donor of choice. With the
establishment of international registries,”® a substantial effort has been made to
provide alternative donors for the patients who lack such an optimal donor.
Unfortunately, such phenotypically matched donors appear to be less compatible
than HLA-identical siblings which is reflected by an increased incidence of post-
transplant complications such as Graft-versus-Host Disease (GvHD) or graft-
rejections. #® Several factors could account for the differences in success rates
of HLA-matched sibling- and of matched unrelated donor transplantations.

Firstly, matching of unrelated donors is usually done on basis of HLA ABDR-
compatibility only,' and although these criteria were sufficient to guarantee full
compatibility between two related individuals, they do not so when donor and
recipient are unrelated. Even when fully matched for HLA-A, -B and -DR, an
unrelated donor might still be mismatched for HLA-C, -DQ and/or -DP antigens.
In addition, the resolution of routine typing methods is too low to make out the
extremely high polymorphism of the human MHC. Therefore, ABDR-matched
donors might still be incompatible for variants of these antigens that are not
discriminated by routine laboratory techniques.

A second reason for the increased frequency of post-transplant complications in
unrelated marrow transplantation could be that donor and recipient are
mismatched for a higher number of minor transplantation antigens (mHag) than
related combinations.” These antigens which are peptides derived from
polymorphic intracellular proteins presented to T lymphocytes in a MHC-
restricted fashion,®'? can form important transplantation barriers. Obviously,
these antigens will piay a role in the onset of GvHD only when the recipient
expresses a mHag that is not present in the donor. This situation will occur more
frequently when donor and recipient are unrelated and do not share 50 percent of
their genetic information. Moreover, because a substantial part of unrelated
donors are recruited from international registries, donor and recipient might
express distinct mHags that are characteristic for the geographical region from
which they originate.
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The relative risk of being mismatched for HLA-C/DQ/DP antigens, HLA-A/B
subtype variants or mHags is unknown. For instance, it is not clear whether
additional mismatches such as a difference in sex would still increase the risk of
post transplant complications once the donor is not entirely HLA matched. In fact,
it is only with the recent development of high resolution compatibility testing, that
the extent of HLA mismatches in unrelated donor/recipient combinations has
become evident'® and that such analyses have become possible. The scarce
data available suggest that at least some of these incompatibilities normally not
typed for, might contribute to GvHD: HLA-C as well as HLA class | subtype
variants are recognized by cytotoxic T lymphocytes (CTL) before
transplantation.’>'* Moreover, recognition of an HLA-B subtype during GvHD'® or
during marrow rejection'® has been reported. In this paper, we have studied to
what extent HLA incompatibilities that are usually not taken into account during
routine selection procedures, participate in the onset of GvHD. Our data show
that the incompatibilities detected by pre-transplant CTL precursor
(CTLp)-assays that often remain undisclosed by routine selection procedures,
form the targets recognized during GvHD. These results demonstrate the value
of high resolution class I typing techniques such as CTLp-tests or molecular
class | typing for the selection of unrelated bone marrow donors.
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6.3 PATIENTS, MATERIALS AND METHODS :

Selection and HLA typing of donor-recipient pairs: This study comprises 5
patients transplanted between 1990 and 1994. Except for Pat 1, who was
transplanted with the bone marrow from his brother, all other patients were
transplanted with marrow from an unrelated bone-marrow donor identified
through the international unrelated bone marrow registries and further selected
on basis of HLA matching by serotyping for HLA-A, B and by oligotyping for
HLA-DR 1-147 In addition the following high resolution techniques were applied:
High resolution DR/DQ-typing'® discriminating the vast majority of the HLA-DR
and-DQ genes and HLA class | oligotyping for HLA-A2,-A3 and -B44,° was
performed as described previously. HLA-C oligotyping was performed essentially
according to Kennedy et al.,*®* HLA-DP typing was performed using the Inno-Lipa
reverse dot blot kit (Endotell). CTLp analysis was performed as described
before,?' by incubation of irradiated (2500 rad) recipient mononuclear cells (5.10%
with graded numbers (5.10*1.25.10% of donor cells in 96 well, 200 ml round
bottom plates (Costar, Cambridge, USA). On day 3 and 6, 25 mi of fresh medium
with 100 U/ml rIL-2 (Roche, Nutley, USA) was added to all wells. After 10 days of
culture, the wells were tested against °'Cr-labeled phytohemeagglutinin (PHA)
stimulated recipient T cells blasts.

Typing of mHags HA-1, HA-2 and HA-4: Expression of the mHags was
determined by measuring the lysis of *'Cr-labeled PHA-blasts by the respective
mHags-specific T cell clones.?#

Detection and cloning of recipient specific T cells before and after
transplantation: All procedures have been described before.** In brief,
peripheral blood samples of the donor and of the patient before and after
transplantation were collected, separated by Ficoll-Paque and cryopreserved.
Cytotoxic T cell clones were established from the positive wells of the pre- (donor
against patient) and post-transplant (patient against patient before
transplantation) CTLp assays and specificity towards recipient cells was tested
using autologous donor cells and third party cells that do not express HLA
antigens in common as negative controls. Further specificity testing was done
against a panel of cells expressing well characterized HLA-A, -B, and Cw
antigens.
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6.4 RESULTS

Histoincompatibilities in five closely matched donor/recipient pairs: To determine
to which extent mismatched major- or minor compatibility antigens would provoke
an allogeneic response after bone marrow transplantation, we studied five
patients who received marrow from donors who were histoincompatible for
different types of HLA antigens. The patients were transplanted for either chronic
myeloid leukemia (first chronic phase) or for acute myeloid or lymphoblastic
leukemia in first remission (Table 1) and suffered from GvHD grade > 2 that
started within the first weeks after transplantation. Patient 3 was followed 3
months after transplantation after she was reinfused with donor buffycoat cells in
attempt to eradicate the recurring disease. Donor and recipient were typed by
serology and high resolution molecular typing techniques (for details see
materials and methods). Furthermore, pretransplant donor anti-recipient cytotoxic
activity was measured by CTLp frequency analysis. This combination of
techniques documented the following MHC mismatches (Table 2) : Patient 1,
who received bone marrow from his brother, was mismatched for one
"ABDR-antigen” (HLA A2 versus A3). This mismatch was clearly at the origin of
the positive CTLp-test as all patient specific T cell clones isolated recognized the
HLA A*0301 molecule. Of the other four patients, who received marrow from
unrelated donors considered to be "ABDR-matched” by routine typing methods,
patient 4 and 5 were ABCDRDQ matched at the molecular level. Patient 2,
expressing the common HLA-A2 variant HLA-A*0201 was class | subtype
mismatched with his donor expressing HLA-A*0213. This serologically
indistinguishable difference was efficiently detected by the CTLp test. Patient 3
was mismatched for HLA-C (Cw5 vs. Cw7) which resulted in a vigorous
pretransplant CTL activity. No cytotoxic activity was found against patient 4 and 5
who were class | matched with their respective donors.

HLA-serotype-, HLA-subtype- as well as HLA-C-mismatches are the
immunodominant epitopes recognized during GvHD: To study which incompatibi-
lities would serve as the target recognized during GvHD, we analyzed the
specificity of patient specific CD8-positive T cell clones that were isolated
between one and nine months after transplantation. Table 3 shows that the same
incompatibilities detected by the CTLp test before transplantation were
recognized after transplantation. Independently of whether the incompatibility
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consisted of a “full” HLA-A mismatch (Pat 1: A*0201 versus A*0301), a “subtype”
mismatch (Pat 2: A*0213 versus A*0201), or an HLA-C mismatch (Pat 3:
HLA-Cw5 versus HLACw?7), all clones isolated during GvHD recognized the
incompatible HLA molecule. Moreover, no activity against mHags could be
detected in any of these three patients transplanted with an HLA-incompatibie
marrow while such activity was readily detected in the patients who had received
a graft from a donor matched for HLA-ABCDRDQ at the molecular level (Pat 4
and 5). The fact that in these latter patients the anti-mHag clones occurred at
high frequencies, stresses the significance of the absence of anti-mHag activity
in the patients grafted with an HLA-incompatible marrow, suggesting that major
histocompatiblity mismatches represent immunodominant epitopes that constrain
the allogeneic response towards mHags.

Characterization of the alloantigens recognized in two HLA-ABCDRDQ-matched
unrelated donor/recipient combinations. To identify the antigens potentially being
recognized in the last two patients, we oligotyped for HLA-DPB1 and typed for
three (HA-1, HA-2 and HA-4) of the well characterized HLA-A*0201 restricted
mHags using the respective mHag-specific T cell clones.?** Patient 4 was DP-
mismatched (DP*1101 vs. DP*0201) and incompatible* for HA-1, a mHag known
to be involved in GvHD.?® Patient 5 was compatible for HLA-DP and the three
mHags tested for, but was sex mismatched which could result in recognition of
H-Y by the female donor. In both patients, high frequencies of recipient specific
CTL’s were found (data not shown). To resolve which incompatibilities were
recognized, we established 65 independent T cell clones that were cytotoxic for
the patient cells without recognizing the donor, and tested them for the capacity
to lyse panel cells expressing well defined HLA antigens (Table 4). In patient 4,
only HLA-A*0201-positive target cells were recognized, and part of the cytotoxic
activity could be identified as anti-HA-1. In patient 5, a number of panel cells
expressing either HLA-A*0201, HLA-B*4402 or HLA-Cw5 in common with the
patient were recognized. Figure 1 shows a study of the specificity of the CTL
clones in two informative families. Apart from anti-H-Y, five other specificities,
independently segregating from HLA as well as from each other, could be
assigned. In the first family, the restricting element is inherited from the mother,

& for the sake of simplicity we use the term incompatible for a mHag only when this incompatibility
is relevant for the induction of graft-versus-host disease, that is in the particular case when the
patient expresses the mHag while the donor does not.
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who herself is negative for the respective mHags, while the HLA-
A*0201-negative father provides the genes (including H-Y) encoding for the
mHags. Of the siblings, one male who had inherited the restricting element HLA-
A*0201 of the haplotype C was recognized by the anti-H-Y clones but not by the
anti-“minor-I” and anti-“minor-II” clones. The second male expressed H-Y and the
“minor-11” in the context of the HLA-A*0201 of the haplotype D and the female
sibling expressed both mHags restricted by the HLA-A*0201 of the haplotype D.
This typical Mendelian segregation could also be observed for the mHags
restricted by HLA-B*4402 and HLA-Cw5 respectively in the family of patient 5
(family 2). While the patient expressed the “minor-llI” inherited from his father
and the minors-IV and V inherited from his mother, the cells of his sister that did
express the two relevant restriction elements were only recognized by the
anti-“minor-III” clones.

The analysis of the frequency of the respective mHags found in patient 5 showed
that with the exception of “minor-Ill", the mHags were expressed by 30 to 60 % of
the Caucasian individuals tested (Table 4). As a consequence, these mHags will
be mismatched frequently and might therefore form significant transplantation
barriers in unrelated as well as in related donor/recipient combinations.
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Table 1. Patients: Characteristics, conditioning and occurrence of GvHD

Age | Sex Diag Conditioning TCD'| GvHD?
(R/D) a/c
1 34 M/M CML | TLI/TBI/CTX/MP - Il /limited
2 17 M/M ALL | TBI/CTX/VP16/CyA| - [l Nlimited
3 36 F/M AML | TBI/CTX/CyA + 1
4 23 M/M CML | TBI/CTX/CyA + I
5 18 M/F AML | TBI/CTX/CyA + i

Abbreviations: ALL, acute lymphoblastic leukemia; CML, chronic myelogenous leukemia;
AML, acute myelogenous leukemia; TLI, total lymphoid irradiation including the spleen;
TBI, fractionated total body irradiation; CTX, cyclophosphamide; MP = methylprednisolone;
VP16, etoposide; CyA, cyclosporin A.
'T cell depletion, Campath-1G in vivo; GvHD : acute/chronic

Table 2. HLA incompatibilities and analysis of pre-transplant donor anti-recipient

CTL-activity
ABDR' HLA class | HLA class Il #CTLp/ antigen
matched | incompatibilities® incompatibilities 10%cells | recognized
(D & R) (D < R) by CTLs®
1 no A*0201¢> A*0301 = 11 A*0301
2 yes A*0213 « A*0201 [DP*0201 « DP*0301 6 A*0201
3 yes Cw5 < Cw7 DP*0301 «<» DP*0202 20 Cw7
4 yes = DP*1101 «<» DP*0201 0 n.a.
5 yes = = 0 n.a.

'as defined by serology for HLA A/B and generic oligotyping for DR.

2Complete typing: Pat. 1:

HLA-A*0201,0301;-B5,49;-C7,15;-DRB1*2,1101;-DRB3*02;-DQw3,-DP*0401,0201.

Pat. 2:

HLA-A*0201,3:-B*4402,40;-Cw3,w5;-DRB1*0101,1302:DRB3*0301;-DQ*0501,0604;-DP*0401,0301.

Pat. 3: HLA-A*0301,24;-B18,*3501;-Cw4,w7;-DRB1*1501,0301;-DRB3"02;-DQ*0201,0602;-DP*0201,0202.
Pat. 4: HLA-A*0201,29;-B18,*4403;-Cw7,*1601;-DRB1*0701,1101;-DRB3*02;-DP*0201,0401.

Pat. 5: HLA-A*0201,28;-B*4402,4402;-Cw5,w5;-DRB1*0401,1301;-DRB3*0101;-DQ*0301,0603;-DP*0401.
3Analysis of the T cell specificity by cloning of recipient specific CTL’s, n.a., not applicable
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Table 3: Analysis of the specificity of the T cell clones established
before transplantation or during Graft-versus-Host Disease

N° of T cell clones Antigen Antigen
recognized recognized
pre-BMT  post-BMT before BMT during GvHD

1 5 5 A*0301 A*0301
P 1 2 A*0201 A*0201
3 4 9 Cw7 Cw7
4 n.a 7 n.a. minor antigens
5 n.a 58 n.a. minor antigens

BMT, bone marrow transplantation, n.a = not applicable

Table 4. Restriction elements and frequencies' of HA-1 and 5 novel
mHags.

minor A*0201-pos] B*4402-pos.| Cw5-pos. | Frequencies

antigens cells cells cells of the mHag
HA-12 38 /76 0/31 0/16 50%
minor-I° 46/118 0/61 0/30 39%
minor-II® 16/27 0/11 0/9 59%
minor-1IF 0/103 3/59 0/29 5%
minor-1V° 0/96 19/50 0/24 38%
minor-V? 0/106 0/53 16/30 54%
H-Y? 67/99 0/59 0/29 n.a*

' Frequencies in a panel comprised of individuals from a local panel and from a
panel from which the bone marrow donor originated. Results are expressed as #
targets recognized/ # targets tested

2 |solated from patient 4

3 |solated from patient 5

* not applicable (male cells exclusively)

114




Family 1 Family 2

minor-| n.a minor-| - minor-I + minor-| +

minor-l n.a minor-ll - minor-ll  nt minor-ll  nt

H-Y n.a H-Y - minor-lll  + minor-lll
minor-IV - minor-IV. +
minor-V | minor-V  +

minor-} + minor-I - minor-1 - minor-I - minor-| +
minor-ll  + minor-I - minor-l + minor-ll  nt minor-ll +
H-Y - H-Y + H-Y + minor-ll  + minor-tll +
minor-lvV. - minor-IlV.  +
minor-V - minor-V.  +

Fig. 1. HLA independent segregation of minor I-V: Results are expressed as
presence (+) or absence of (=) of the mHag as shown by lysis of the target by the
respective mHag specific T cell clone.

Haplotypes (haplotypes with one or more of the relevant restricting element in
capitals):

Family 1: a= A10/B7 ; b= A3/B41; C= A*0201 /B50; D= A*0201/B7

Family 2: a= A28/B4402/Cw5; B= A*0201/B39; C= A*0201/B*4402/Cw5; d=

A24/B55
n.a., not applicable (cells do not express one of the restricting elements), n.t., not

tested — male cells; < female cells
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6.5 DISCUSSION

Transplantation with bone marrow from other than a genotypically HLA identical
donor is associated with an increased incidence of post transplant complications.
These complications are initiated by mature donor T lymphocytes in the graft that
recognize the host tissue antigens as foreign. The higher degree of
incompatibility in unrelated combinations is likely to be primarily caused by
disparities in the MHC. However, because such combinations are also more
frequently mismatched for mHags’, they might suffer from GvHD more frequently
even when donor and recipient are perfectly HLA-matched. The contribution of
MHC and mHag disparities to the total incompatibility is not known. In fact, it is
only with the recent development of high resolution typing techniques that the
true extent of MHC-mismatches between a patient and a donor that has been
selected by routine tissue typing procedures has become apparent.*® Therefore,
clinical data on the importance of such mismatches are still rare and a final
conclusion can only be made when large numbers of extremely well typed
combinations have been studied. Still less is known about the importance of
mHag-mismatches in unrelated donor/recipient pairs. To assess the increased
risk of being mismatched for a mHag when donor and recipient are unrelated,
one has to bear in mind that these incompatibilities are of different nature than
MHC-incompatibilities. Because mHags are self peptides that are derived from
endogenously synthesized proteins, they form transplantation barriers only when
two conditions are fulfilled. Firstly, the patient’s variant of the mHag must be
absent in the donor. This will obviously occur more frequently in a donor who is
unrelated than in a donor who is born from parents of whom at least one is
known to pass the patient’s variant to it's progeny. This risk factor can be
calculated with population genetics using a biallelic codominant model, and will
vary between 1 and 1.8 depending on the frequency of the genes encoding for
the mHag.”*® Secondly, the peptides derived from the polymorphic variants
should also have the right sequence to be presented by the MHC. Because this
condition will not always be met, the risk factor decreases (1-1.4) but will still
remain significantly higher than in related combinations. However, whether this
higher degree of mHag incompatibility contributes significantly to the post
transplant complications will depend on the extent that mHag incompatibilities
are recognized in patients transplanted with an unrelated donor who will be
seldomly compatible for all MHC loci.
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To study this question, we have identified the targets recognized during GvHD in
patients transplanted with bone marrow from donors who were incompatible for
different types of MHC molecules. It should be noted that in unrelated
donor/recipient pairs, this reflects by far the most common situation to date. Apart
from mismatches that have to be accepted because a more compatible donor is
not available,#5% a significant part of the donors selected by standard laboratory
procedures will be mismatched for antigens that these techniques do not
discriminate. Indeed, the donors recruited for the patients 2, 3 and 4 described in
this report, would have been considered as perfectly matched by the vast
majority of tissue typing laboratories, in spite of the presence of one HLA-A, one
HLA-C and three HLA-DP mismatches. Such mismatches are only detected by
methods that include high resolution DNA typing techniques and/or CTLp assays.
The results of our study argue strongly in favor of the use of such high resolution
compatibility testing by showing that all three class | incompatibilities detected by
the CTLp test before transplantation of which neither the HLA-A2 subtype- nor
the HLA-C mismatch would have been noticed by routine typing, were the
dominant targets recognized during GvHD. The presence of such mismatches
will increase the severity of post transplant complications and therefore, when a
search has identified more than one ABDR-matched donor, such tests will be
extremely useful in donor selection and ultimately lead to better survival
rateS.21'28 -31

Unfortunately, a donor fully compatible for all six HLA loci will not be found for
many patients. Even if HLA-DP would not be taken into account, a donor
matched for HLA-A,-B,-C,-DR and -DQ will only be found for approximately 35%
of the patients. ! At present, very little is known about the relative importance of
the respective HLA loci. As a whole, mismatched MHC antigens elicit more
vigorous reactions than mHags do,?***%® but whether this also holds for HLA-C
which is expressed at much lower densities than the other class | molecules®
has to be verified. At present however, any MHC mismatch is still to be
considered as a serious risk factor and in such a situation, one might be reluctant
to transplant a patient when for instance, donor and recipient are sex
mismatched as well. Interestingly, our data show that the contribution of mHags
to GvHD might be minimal when recipient and donor are mismatched for a MHC
class | antigen. This finding is not so unexpected in view of the well documented
immunodominant role of “strong” antigens that can prevent “weaker” antigens
from being recognized. In mice several mHags are immunodominant over the
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male antigen and no H-Y specific CTL responses are generated when these
dominant mHags are mismatched.* In addition, the response to one antigen is
suppressed when a cell co-expresses an other antigen to which the animal has
been primed previously.*** Because MHC-incompatibilities comprise numerous
epitopes™® that already induce vigorous responses without priming, it is likely that
some of these epitopes will be dominant and prevent the immune response to
mHags that are considered to be relatively weak transplantation antigens.?®*®
While no mHag-specific CTLs were found in the patients mismatched for a class |
antigen, the anti-recipient response in the patients transplanted with a class |
matched unrelated donor was very reminiscent of the ones described in HLA-
identical related combinations.**“° In patient 4, all CTLs recognized mHags and
part of the response was directed to HA-1, one of the dominant HLA-A*0201
restricted mHags involved in GvHD.?® In patient 5, matched for HA-1, HA-2 and
HA-4, the response was directed to H-Y and to five other non-sex linked mHags
restricted by HLA-A*0201, HLAB*4402 and Cw5 respectively. Although these
alleles are among the most frequent ones in humans, none of these 5 mHags
have been described in patients transplanted with an HLA identical sibling.
Therefore, one might argue that a significant number of mHags will be
mismatched only when donor and recipient originate from distinct geographical
areas with different frequencies of mHag in the population. However, we found
no indication that this would already hold for a donor recruited from a registry in
an other European country. All 6 mHags analyzed occurred with similar
frequencies in the local population as well as in the population from which the
donor was recruited. Because the frequency of 4 of 5 of the novel mHags was
such that also the majority of HLA-identical siblings must be mismatched for at
least one of these mHags, we think that the fact that none of these mHags have
been described before is again a consequence of immunodominance. It is very
likely that the majority of mHags will only generate an immune response in the
absence of more dominant mHags and that therefore some of the mHags
recognized in patient 5 will only be found in the rare combinations that are
compatible for HA-1, HA-2 and HA-4.

In conclusion, our data illustrate two immunological phenomena that are relevant
for marrow transplantation with unrelated donors. Firstly, they confirm that T cells
react to serologically silent class | mismatches as vigorously as to incompatibili-
ties that are discerned by the routine techniques used for donor selection.
Apparently, this does not only hold for the HLA-A and HLA-B subtype
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variants'®'®'® put also, as we show in this report for HLA-C incompatibilities.
Because a pre-transplant CTLp assay detects serotype-, as well as subtype- and
HLA-C incompatibilities,'®'*'® this explains why this assay predicts
post-transplant complications in unrelated donor/recipient combinations matched
by routine typing.?'?%3" Secondly, it shows that, because only a limited number
of immunodominant epitopes are recognized during an immune response, other
incompatibilities might be simply ignored. In patients transplanted with an
HLA-identical sibling, this mechanism restricts the CTL response to a few mHags
such as H-Y*' or, in HLA-*A0201-positive patients to HA-1.22?* Here we show that
the same mHags are recognized in patients transplanted with an unrelated
class | matched donor. In mismatched combinations however, the response to
the incompatible MHC molecule will dominate, and mHag-incompatibilities do not
seem to have an additional effect. This does explain why the effect of gender
mismatches that are clear risk factors in transplantations with HLA-identical
siblings,*>** is much less apparent in unrelated donor/recipient combinations.*°
Because in most of these studies the donors have been matched by routine HLA-
typing, a significant number must be mismatched' which will restrain the
response to a mHag such as H-Y to the fully compatible combinations only.

Our study has been focused on the role of MHC class | incompatibilities after
transplantation. In the 5 patients studied, the only incompatible class Il locus was
DP, an antigen of which the relevance is not clear yet.***” Because in the class |
matched, DP-incompatible patient 4, a vigorous anti-mHag response still
occurred, it is tempting to speculate that DP-incompatibilities may be dominated
by the response to mHags and that therefore, the role of DP-mismatches in bone
marrow transplantations with unrelated donors is indeed less significant.*®

Acknowledgments: We thank Christophe Grundschober for HLA-C oligotyping,
Dr. Laurent Excoffier for helpful discussion and Florence Dumont-Girard for
critical reading of the manuscript.
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Further studies on the histoincompatibilities
detected in four patients after bone marrow
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7.1 Do alloreactive T cell responses become ‘“less cross-
reactive” after bone marrow transplantation ?

7.1.1 Introduction

Alloreactive cytotoxic T lymphocytes (CTL) play a crucial role in graft-versus-host
disease (GvHD) and graft-rejection. It is now widely accepted that these cells
react against incompatible MHC-antigens. Because classical serological HLA-
typing techniques are unable to identify each HLA-variant precisely, numerous
HLA-mismatches are still present even in HLA closely-matched unrelated donor-
recipient pairs (1,2) and form important transplantation barriers by inducing
GvHD.

Several models have been proposed to explain the high frequency of alloreactive
T cells precursors (3-5). The model first presented by Matzinger and Bevan might
be the one which correlates the best with the actual knowledge of antigen
presentation (4). They propose that the specific recognition of foreign MHC
molecules by T lymphocytes could be influenced by self-structures associated
with those molecules. Since a single MHC molecule thereby can present many
different cellular peptides and different T cell receptors may interact with those
MHC + X, the high frequency of alloreactivity is a consequence of the diversity of
these multiple “binary complexes” recognized. Many studies have been focused
on the role of endogenous peptides in MHC allorecognition (6-12) and at present,
it is generally accepted that alloreactive responses involves both the MHC
molecule and its associated peptide ligand.

To get inside into the precise nature of alloreactive T cell recognition after bone
marrow transplantation, two transplanted patients mismatched either at the HLA

class | -A or -C locus have been studied in more detail.
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7.1.2 Patients, materiel and methods

HLA matching of donor-recipient pairs. Since these two patients belong to the
same group of patients already described in Chapter 6, the HLA typing
procedures used for these D/R pairs can be found in “patient, materials and
methods” of that chapter (on pp 106). Patient 1 (P1) was mismatched for HLA-A2
vs -A3 with his donor, while Patient 3 (P3) is incompatible with his donor for HLA-
Cw and -DP. Complete HLA typing is as following:

pairs | A B C DRB1 DRB3 DQ DP

P1 0201,0301 5,49 7,15 | 2,1101 02 w3 0401,0201
D1 0201,0201 = - = = = =

P3 0301,24 18,3501 4,701| 1501,0301 02 0201,0602 0201,0202
D3 = = 4,5 = = = 0201,0301

Primary CTLp test. Serial dilutions of donor mononuclear cells (5.104-0.125.104)
were cultured in 200 pl 96-round bottom plates with constant numbers (1.10%/mi)
of irradiated recipient mononuclear cells as stimulators. On day 3 and 6, 25 pl of
fresh medium with 100 U/ml rlL-2 (Roche. Nutley, USA) was added to all wells.
After 10 days of culture, the wells were tested against °'Cr-labeled,
phytohemeaggiutinin-stimulated recipient T cell blasts.

Post-transplant CTLpf test. Limiting numbers of post-transplant patient PBMCs
(4.10%-1.10% were cultured in 96 U-bottom plates with constant numbers
(1.10%ml) of irradiated pre-transplant recipient mononuclear cells. As a positive
control, post-transplant patient cells (1 .104) were cultured with irradiated third-
party cells (1.10%ml). Addition of IL-2 and the cytotoxic assay were performed as
described above.

Cloning of class | specific T cells. Cytotoxic T cell clones were established from
the positive wells of the primary and post-transplant CTLpf assays as described
in appendix 1. Specificity towards recipient cells was tested using autologous

donor cells and third-party cells that do not express HLA antigens in common as
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negative controls. Pre- and post-transplant T cell clones were tested against a
panel of third party cells expressing well-defined HLA-A,-B subtypes and HLA-
Cw antigens in common with the patient in order to determine their fine
specificity.

HLA-C typing. Oligotyping for HLA-A3 and -Cw7 was performed as described
before (13). This method based on a PCR/SSO-oligotyping protocol is able to
discriminate the four HLA-Cw7 and the two HLA-A3 variants.

7.1.3 Results

A) Analysis of the alloreactive T cell responses found in the HLA-Cw7-
mismatched donor/recipient pair after bone marrow transplantation.

This patient was followed 3 months after bone marrow transplantation after she
was reinfused with donor buffy-coat cells in attempt to eradicate the recurring
disease. Severe GvHD developed about 10 days after the beginning of the buffy-
coat treatment, leaving the patient pancytopenic, a few days later. All the T cell
clones presented in this study were isolated following buffy-coat treatment during
GvHD.

The complete analysis of the specificities recognized by the T cell clones before
and after BMT is presented in Table 1. As already described in Chapter 6, the
same incompatible HLA-Cw7 molecule detected by the CTLpf test and the CTL
clones before BMT, was the target recognized after transplantation. However,
this recognition of HLA-Cw7 could be divided into two distinct patterns: seven
clones isolated before transplantation and at the beginning of the buffy-coat
treatment on day 12 lysed all third-party cells expressing the broad, serologically
defined HLA-Cw7 antigen, while others, isolated > 12 days after infusion of the
buffy-coat lysed only the HLA-Cw?7 targets expressing the same HLA-C*0701
alleles as the patient. Apparently, the 12 days period in vivo had selected the

more specific alloreactive cells rather than the crossreactive ones.
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The two alloreactive cytotoxic patterns followed two sequential steps in time. The

crossreactive CTL pattern present before transplantation and quite early after

buffy-coat treatment is entirely replaced by the more specific alloreactive pattern

after the day 12 of treatment.

Table 1: Cytotoxic T clones loose their cross-reactivity during severe GvHD after

buffy-coat treatment

Third-party cells’

Pre- | +12d°
BMT 2
(n=4) { (n=3)

+12d> +18d°

(h=2) (n=3)

class | A B C cross-reactive specific pattern
pattern
Patient | 3 24 18 3501 701 4 + + + +
Donor 3 24 18 3501 5 4 - - i -
4033 1 28 8 14 701 8 + + + +
4099 11 31 35 x 701 4 + nt + +
4095 1 2 8 62 701 3 + + + +
4018 2 x 7 18 701 702 + + + +
4079 2 3 7 8 701 702 + + + +
4070 2 33 1439 702 8 + + . .
4015 2 3 7 44 702 x + + - .
4091 3 32 7 &7 702 6 + + - -
4075 2ESGHY N5 702 3 + + - :

'12 T cell clones were tested against nine third-party cells expressing either HLA class | C*701

and/or C*702.

2 T cell clones were obtained before BMT and 12 or 18 days after the beginning of the buffy-coat

treatment.

® Results are expressed as + if third-party is recognized and lysed by the CTLs or - when there

was no recognition.
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The two alloreactive CTL patterns could also be demonstrated in a family study
(Figure 1). HLA-C*0701 and -C*0702 alleles were both present and expressed
among the different members of this family.

These two cytotoxic alloreactivity patterns correlated exactly with the segregation
of the HLA-Cw7 subtypes in the family. The limited, non cross-reactive CTL’s
recognized only the HLA-C*0701 subtype present in mother’'s HLA haplotype that
was inherited by the son, whereas, the cross-reactive CTL'’s could also recognize

the HLA-C*0702 allele expressed in the father and his two daughters.

Figure 1 : HLA-Cw?7 subtype segregation in one family study by anti-Cw7
CTL clone analysis

Father
A28/2 B39/44 C*702/5

specific pattern - specific pattern +
cross-reactive pattern  + ‘ cross-reactive pattern +

A28/1 B39/17 C*702/6 A28/1 B39/17 C*702/6  A2/1 B44/8 C5/*701

specific pattern - specific pattern - specific pattern +
cross-reactive pattern  + cross-reactive pattern + cross-reactive pattern +

B) Analysis of the alloreactive T cell responses found in a HLA-A mismatched
donor/recipient pair after bone marrow transplantation.

The alloreactive T cell clones already described in Chapter 6, recognized the
incompatible HLA-A3 molecule before and after transplantation. However,

distinct post-transplant CTL patterns could be identified (Table 2).
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The donor cytotoxic T cell clones isolated before and one month after
transplantation, recognized all HLA-A3 molecules present on third-party cells.
However, two T cell clones isolated two months after transplantation, presented
distinct recognition patterns. The third-party cells shown in the first part of Table
2, could be separated into two groups: some (4082 to 4043) were only
recoghized by clone A, whereas others (TBD to 4003) were only lysed by clone
B. Finally, the third-party cells listed in the second part of that table (4030 to
4037), were recognized by both T cell clones (A + B).

Oligotyping for HLA-A3 did not show any difference at the subtype level; all third-
party cells expressed the common HLA-A*0301 allele (Table 2). Therefore, it is
very unlikely that the two distinct CTL clones recognize different subtypes of
HLA-AS.

7.1.4 Discussion

The recognition of allo-MHC molecules by CTL clones remains still a paradoxical
phenomenon which is not clearly understood. Furthermore, the role of these
alloreactive cytotoxic T lymphocytes in HLA-mismatched bone marrow
transplantation and in the induction of GvHD needs further investigations.
Therefore, we have analyzed in more detail the alloreactive responses induced in
two transplanted patients carrying an HLA-class | mismatch with their bone

marrow donor.

These studies demonstrated that the HLA incompatible molecule identified in
those patients before BMT, were the target recognized after transplantation
during severe GvHD. Secondly, they showed the existence of specific and cross-
reactive patterns of alloreactivity. This limited, non cross-reactive pattern was

characterized in each case, by different features.

In Patient 1, the difference between the specific and the cross-reactive pattern

was based on the discrimination of two HLA-class | subtypes (C-*0701,C-*0702).
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Table 2 : Cytotoxic donor T clones lyse three different patterns of HLA-A3

antigens after bone-marrow transplantation during severe GvHD

Third-party cells’ Pre- +1 + 2 months?
BMT? | month®
HLA : A B C n=5 n=2 | clone A cloneB
n=1 n=1
Patient | 2 301 5 49 7 15 + + 2 +
Donor 2 2 5 49 7 15 - - : -
4082 301 32 7 X 7 X + + + -
SalzP 2 301 7 14 7 8 + + + :
LB 2 301 7 14 7 8 + + + ;
4045 301 28 7 38 7 X + + + -
4043 301 10 7 44 7 X + + + -
TBD 2 301 7 14 7 8 + + " +
0091 2 301 7 14 7 8 + + - +
4019 301 11 7 55 3 X + + - +
4003 301 1 51 55 3 x + + - +
4030 301 X 7 18 X + + + +
4091 301 32 7 37 6 7 + + + +
4011 301 23 53 38 4 x + + + +
4039 301 30 7 18 7 X + + + +
4037 301 X 44 35 4 5 + + + +

16 third-party cells expressing HLA class I-A3 antigen were tested for lysis by pre- and post-
transplantation isolated T cell clones.
2T cell clones were obtained before BMT and 1 and 2 months after BMT, respectively.
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This was however, unlikely for the second patient. Indeed, in that particular case,
one plausible explanation for the observation of these two limited and partially
complementary T cell responses (clone A + B) might be provided by the
recognition or not of a particular peptide presented by HLA-A*0301. This
question will be addressed by isolating that particular peptide by acid elution and

reverse phase HPLC technology.

It is interesting to speculate that the mechanism of peptide recognition proposed
for the clones that can discriminate HLA-A*0301 individuals, is also operative for
the clones that discriminate HLA-C*0701 from HLA-C*0702.

Since recent studies have demonstrated a direct role of the associated peptide
ligands in allorecognition (15,16), the difference “seen” by the CTL clones
between HLA-C*0701 and -C*0702 alleles could be due to the presentation of
different set of peptides. If one would accept that recognition of peptides become
more important for the clones with higher specificity after BMT, one could argue
that the discrimination of the two HLA-Cw7 subtypes is made on basis of the
distinct peptides bound by HLA-C*0701 and -C*702, respectively. The specific
CTL pattern would only recognize the peptides presented by HLA-C*0701,
whereas the less specific pattern would also cross-react with the peptides
expressed by HLA-C*0702 allele.

For instance, position 99 (a-2) that differs in C*0701/*0702 (Table 3) is a key
position for peptide binding (14) which makes it likely that although the two
subtypes differ by 5 amino acids only, the peptides bound will be very different.

In conclusion, the specific T cell clone patterns observed in both patients after
bone marrow transplantation might indicate a pivotal role for peptides in the
allorecognition of these incompatible MHC molecules. Furthermore, these T cell
clones acquire more specific features, since T cell responses found before

transplantation are extended and probably less specific.
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Table 3 : Polymorphic amino acid residues encoded by HLA-C*701 and C*702
alleles.

o1 o2 03

1 66 99 136 273
consensus C K Y A R
C*701 R N - - S
C*702 G - S X -

'Dashes indicate identity with the consensus sequence.

One could argue that the limited T cell recognition pattern represents very
specific and high affinity alloreactive T cell responses and that this particular
subset is responsible for the occurrence of GvHD severity. Because these cells
will be stimulated, the cross-reactive and less specific T cell response will be
diluted progressively and finally be entirely replaced by these restrictive T cell

allo-responses.
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7.2 How are minor histocompatibility antigens characterized ?

7.2.1 Introduction

Minor histocompatibility antigens (mHag) are functionally defined allo-antigens
which generate cytotoxic T cell responses after transplantation. Minor antigens
have been recently characterized as small peptides derived from endogenously
synthesized polymorphic proteins which are presented toT lymphocytes by the
MHC molecules. Whereas in mice more than 40 minor loci have been identified,
their polymorphism and their variety in human is presently unknown. The best
defined minor antigen is H-Y encoded on the long arm of the Y chromosome.
Apart from this one, other minors called HA-1 to HA-5 have been identified by
Goulmy, et al. (1).

In the studies presented in Chapter 6, various cytotoxic T cell clones were
isolated from two patients (P4 and P5) after bone marrow transplantation. These
T lymphocytes were directed against five new minor antigens expressed in the
patient (see Results pp.106). This chapter reports the characterization of these

five novel mHags.

7.2.2 Characterization of T cell alloreactive patterns

Since minor antigens are small peptides presented by the MHC molecules, the
first step is to characterize the MHC-restriction element recognized. The second
step, once the HLA allele presenting the minor antigen has been identified, is to
characterize the pattern of reactivity of each cytotoxic T clone. Therefore, the
various T clones are tested against third-party cells expressing well-defined HLA-
A, -B subtypes and HLA-Cw antigens in common with the patient. A

representative example is shown in Figure 1.
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Figure 1: Analysis and characterization of five new minor antigen patterns

- o = 2. =

- &8 B g 2 ¢
TARGETS * & E E E E HLA TYPING
Patient d A201/28 B4402/4402 C5/5
Donor ? A201/28 B4402/4402 C5/5
4013 d A*0201
4069 ? A*0201
4036 d A*0201
4110 ? A*0201
4065 d A*0201
82-0172 d B*4402
Sister 0 i g B*4402 Cw5

i 0

61-0305 d B*4402 Cw5
61-0371 d B*4402 Cw5
61-2343 - d A*0201 Cw5

Black and graded squares represent the recognition of the third-party target cells
by the six alloreactive T cell clones (H-Y to minor-V), whereas no recognition of
those targets is symbolised by blank squares.

! only alleles in common with the patient are depicted.
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For instance, the first colomn / black pattern shows that a T cell clone specific for
H-Y, when tested against third-party cells, recognizes only some of these cells
(4013, 4036, 4065, and 61-2343) in *'Cr-release assays. The HLA-haplotypes
carried by those cell lines are then compared to each other. Because, only HLA-
A*0201 positive cells are recognized by the clone, this MHC molecule must be
the restricting element. Since, only male cells are lysed, the minor antigen
recognized by this cytotoxic T cell clone could be identified as the H-Y minor
antigen. The five other minor antigens (minor-I to -V) were characterized by using

the same approach.

7.2.3 Characterization of minor antigens in family studies

A further confirmation that the cytotoxic activity was directed against minor
antigens could be obtained in studies of two informative families (see pp. 106).
Such studies allow the identification of these minor antigens as being encoded by

genes that segregate independently from HLA molecules and from each other.

7.2.4 Analysis by elution of cellular peptides

It is only recently that isolation of minor antigen peptides from MHC class | and
class Il molecules has become possible. Such studies were carried on by
Rammensee et al. and the methodology is based on acid elution and subsequent
reverse phase HPLC separation (2). These reports have demonstrated the
crucial role of peptides in the allorecognition by anti-minor T cell clones.

By using these HPLC techniques, we have further characterized some of our
minor antigens. Briefly, the peptides were isolated from PHA-blast of either the
patient 5’s father or mother by acid elution and subsequently separated by
reverse phase HPLC. This part of the work has been carried on by E. Wolpert
from the Karolinska Institute (Stockolm). T2-Tap1/2 mutant target cells
expressing HLA*0201 allele are then incubated with minor antigen specific T cell
clones and the various fractions containing the purified cellular peptides. The

specific fraction which contains the minor antigen peptide is thereby identified.
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For example, we have analysed fractions with anti-minor-1 and -H-Y T cell clones.
The results are shown on Figure 2 and 3.

Minor antigen pattern | has been shown by family studies to be expressed in both
the mother and the father of patient 5. The 40 fractions isolated from the father or
from the mother containing the purified peptides were incubated with T2-A*0201
cell lines and anti-minor | T cell clones. Fraction 19 is the only fraction recognized
in three separate experiments by the T cell clones. This fraction contains
therefore minor-1. Finally, peptide fractions 26-27-29 isolated from the father
cells, were recognized by the anti-H-Y minor antigens. Although these results
remain preliminary, it is likely that those fractions contain the male specific H-Y

minor antigens.

Figure 2: Fraction 19 of patient5’s mother and father contains minor-I

60 -
50 -

% of specific lysis

40 -
30 - -
20 -
10 -
Fraction number

=3 peptide influenza
Bl anti-A201 T clone

Fig 2 and 3. The influenza peptide is used as a negative control, whereas the expression
of HLA-A*0201 at the T2 cell surface is monitored by anti-A201 T clones.
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Figure 3: The peptide fraction 26-27-29 (father) contains H-Y minor antigen
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In conclusion, the major difficulty in the analysis of human minor
histocompatibility antigens lies in the fact that the precise nature of the
polymorphic protein containing the minor antigen epitope is usually unknown.
Therefore, in most cases, minor antigens are defined by either patterns of
recognition by CTL-clones, family segregation studies or peptide HPLC
purification. The identification of those polymorphic minor antigens is however
possible, but more sophisticated technology is needed in order to isolate and

sequence the 8 amino- acid derived from the MHC presented epitope (3).
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BMT: a subtle balance between success and failure

For many patients suffering from hematological malignancies, bone marrow
transplantation represents the only efficient therapy. Various pre-transplant
parameters affect (disease-free) survival and post-transplant complications such
as Graft-versus-Host Disease. For instance, the choice of the bone marrow

donor clearly influences survival rates (1).

The best choice as a bone marrow donor is an HLA-genotypically identical
related individual. Such combinations will always be “perfectly matched” because
the errors of the serological techniques used for the identification of an HLA-
identical sibling are easily corrected by looking at the four haplotypes in the
family. Moreover, due to the fact that those identical siblings inherit the same
haplotypes, they will share the same HLA-subtypes and full identity will be
guaranteed. Finally, as demonstrated by Martin (2), the disparity of minor
antigens might be greater between HLA-identical unrelated individuals than in

identical siblings pairs.

However, such an optimal donor is only found for 25 to 30 % of the patients.
Therefore bone marrow transplantation with HLA “ABDR-matched” unrelated
donors has been developed as an alternative. Unfortunately, such
transplantations are hampered by an increased incidence of GvHD and lower
survival rates. These complications can be mainly explained by the fact that
unrelated “ABDR-matched” combinations are less compatible than identical
siblings. The definition of “an HLA ABDR-matched donor” often used in the
literature has never been an exact one. In this thesis, this terminology has been
used to define a donor compatible at HLA-A, -B and -DR locus by classical
serological typing methods and oligotyping for DR 1-14. Although this definition
suggests that a donor/recipient pair is “ABDR-identical”’, other undetected

mismatches such as HLA-subtype, -Cw, -DQ and -DP incompatibilities may still
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be present in those individuals. One should therefore refer to “ABDR-identical”
pair as an HLA closely -matched combination only.

Serologically defined antigens can be seen as the top of an iceberg, where many
histoincompatibilities will remain “hidden”. It is only by the use of extended
technologies such as oligotyping, CTLpf assays and class I-subtype specific
T cell clones, that further histoincompatibilities can be identified. Because before
BMT, frequencies of T cell precursors against minor histocompatibility antigens
are usually too low to be detected by CTLpf assays, incompatibilities among

those antigens will also remain undetected (Figure 1).

-
Serotyping

Figure 1: Many histoincompatibilities remain undetected when only classical

typing techniques are used.

At present, several studies have analyzed the degree of HLA mismatches in
serologically “ABDR-matched” donor/recipient pairs in detail (3,4). Frequent HLA
class | and class Il mismatches were detected in the different combinations

analyzed. For instance, in our own report, 72 % of the “ABDR-identical”’ D/R pairs
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has been shown to be still incompatible for various HLA class | and/or class Il

subtypes.

The application of such high resolution technology has important consequences
for the search of a potential bone marrow donor.

For instance, the identification of a perfectly matched unrelated donor seems to
be an impossible challenge, due to the enormous polymorphism at the HLA
genes. Indeed, although these sophisticated typing techniques do provide
precise tools for HLA-typing, many unrelated potential donors will now be defined
as HLA-incompatible. Therefore, the key question has become to determine
which mismatch is acceptable and which is not.

Unfortunately, this question has not been studied carefully although many reports
have tried to assess the effect of HLA-mismatches on the outcome of a bone
marrow transplant. This is due to the fact that most of these studies used
classical serotyping methods only. Therefore, many HLA-incompatibilities must
have remained undetected so that the fact that no clear correlation on GvHD
incidence was found between “ABDR-matched” and HLA serologically
mismatched D/R pairs did not come as a surprise (5,6).

Because high resolution typing technique reveals precisely every HLA-
incompatible subtype, it is only by using these efficient tools that studies on the
relative importance of those variants after bone marrow transplantation could be

undertaken.

Several recent studies based on high resolution HLA-typing have now evaluated
the impact of the degree of HLA-identity on the clinical outcome (7-9). Our study
and others, demonstrated that patients transplanted with highly matched
unrelated donors have significantly better survival rates than patients
transplanted with less compatible donors emphasizing the crucial role of HLA-

incompatibilities in post-transplant complications.
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In order to assess precisely the relative importance of each HLA-mismatch on
the onset of GvHD, five transplanted patients were analyzed in more detail.
These studies showed firstly, that high resolution typing techniques detects
relevant incompatibilities, since the HLA-mismatches found before
transplantation were also the targets recognized after bone marrow
transplantation. They confirm that serologically undetected HLA-mismatches can
induce a strong cytotoxic T cell response against these hidden incompatibilities
after bone marrow transplantation. Secondly, it is only when the donor/recipient
pairs are fully HLA-identical, that post-transplant CTL response are directed
against minor histoincompatibilities. Finally, five new minor antigens restricted by
various HLA-molecules have been identified, suggesting a greater polymorphism

among these minor antigens than initially expected.

One of the central issues of this study is immunodominance, an immunological
concept already described in mice (10). We report here, that cytotoxic T cell
responses against HLA-mismatches are immunodominant and that anti-minor
cytotoxic responses occur only in fully HLA-identical D/R pairs. This phenomenon
can be explained by the fact that MHC-incompatibilities comprise numerous
epitope that already induce vigorous responses without priming, whereas the
immune response to miHAs is considered as a relative weak response which

induces low T cell frequencies (11).

Therefore, one positive aspect from the view point of the patient is that minor
antigen responses might be irrelevant when recipient and donor are already
mismatched for a MHC class | molecule. As a consequence, one could imagine
that a sex-mismatch in a D/R pair incompatible at the HLA-C locus, should not be
considered as an additional, cumulative mismatch and therefore hinder the
choice for that potential unrelated donor when no others are available.

The phenomenon of immunodominance could also be observed in cytotoxic anti-

minor antigen responses. Indeed, only a few minor antigen patterns were
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identified in the patients and two of them were characterized as the dominant

H-Y and HA-1 minor antigens already described in the literature (12).

Taken together, the order among the various immunodominant molecules in

bone marrow transplantation might be as depicted in Figure 2.

Figure 2: Representation of the relative dominant order of mismatches after bone

marrow transplantation.

Taken as a whole, the results presented in this thesis will allow a better
understanding of the parameters that influence the outcome of a bone marrow
transplantation. It is obvious that the analysis of the relevance of major and minor
histo-incompatibilities after bone marrow transplantation and their significance in
Graft-versus-Host Disease has only been possible because the resolution of the
tissue typing used has been high enough to define the number of HLA
mismatches in a combination precisely. Therefore, apart from helping to select
the most compatible donor, they might also give insight into which mismatches
might be “acceptable” ones.

This will finally lead to a better insight in the role of histocompatibilities in bone
marrow transplantation so that an optimal strategy of donor selection and

immunosuppression can be chosen.
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Chapter 9

APPENDIX 1







9.1 Cytotoxic T lymphocyte precursor frequency test (CTLpf)

9.1.1 Introduction

The CTLpf assay is based on limiting dilution analysis and allows the estimation
of alloreactive cytotoxic T cell precursor frequencies in peripheral blood. In this
system, alloreactive T cell precursors are clonally expanded in the presence of
stimulatory cells and IL-2. The specific cytolytic activity of developing cytotoxic
T cells is then tested in a conventional °'Cr- release assay after 10 days of
culture. The T cell precursor frequencies are finally estimated from the
extrapolation of the fraction of negative cultures found among the various cell

titrations based on the principle of Poisson’s equation (Figure 1).

concentration of responder cels

1100 210 310* 410" 510
1 1 i i i —

g 1'=10./37" =S

01

Fraction
ofnegative
culture

001Y

Figure 1: Example of a positive CTLp frequency in an HLA-mismatched D/R pair
( a CTLp frequency less than 1:300°000 is considered as negative).
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9.1.2 Protocol

This protocol is based on the original protocol as published by Kaminski et al. in
Transplantation (1989) 48:608.

Peripheral blood mononuclear cells (PBMCs) are separated on Ficoll-Hypaque
(Pharmacia, Uppsala, Sweden) and cryopreserved until required. An HLA-
incompatible individual (third-party) is used as a positive control.

Complete Medium: RPMI 1640 (Gibco Life Technologies, Paisley, Scotland) is
supplemented by 10% heat-inactivated human serum (Blood Transfusion Center,
Bern, Switzerland) , 1% of glutamine (2mM, Gibco), 1% of penicillin-streptomycin
(Gibco) and 2-mercapto-ethanol (5.10° M, Sigma, St Louis, MO).

Day 0: the CTLpf assay is done in Graft-versus-Host Disease direction.
Responder celis are donor cytotoxic T lymphocyte precursors.

The responder (donor and third-party) and the stimulatory (patient) cells are

thawed and resuspended in complete medium. Serial dilutions of donor
responder cells (5.10% to 0.125.10* in 50ul) are prepared and 50ul of each
dilution is aliquoted in 24 wells of 96 U-bottom culture plates. As an autologous
control, 50! of donor cell suspension at 1.10° /ml is aliquoted in 24 wells. To test
the stimulatory capacity of the patient cells, 50ul of third-party cell suspension at
2.10° /ml is also aliquoted in 24 wells (as shown in Figure 2).

50pl of irradiated patient cells are distributed at a concentration of 1.10° /ml in the
serial dilutions of donor cells and in the third-party wells, whereas 50ul of
irradiated donor cells (1.10° /ml) is added to the autologous control wells.

Finally, 50ul of medium alone is distributed in every well to give a final volume of
150ul per well.

25l of recombinant IL-2 (Hoffman-La Roche, Basel, Switzerland) at 100 U/ml is
added on day 3 and 6 to provide CD4+ T cell help.

150



On day 10, the cultures are assayed for cytotoxicity against °'Cr-labeled PHA
(Murex Diagnostics Ltd, Dartford, England) blasts from the patient.

Briefly, 150u! of cell suspension are transferred into new 96U-bottom well plates.
Total chromium release is determined by adding 150ul of medium plus 1%
Tween 20 (Sigma, St Louis, MO), whereas spontaneous release is determined

by adding 150u! of medium alone.
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D |O Third party versus Patient \ %r::cliur;ee%ative control are always
E )

F D = donor cells.
G The names in bold represent the
H irradiated stimulatory cells.

Figure 2: the CTLpf test protocol.

PHA blasts of the patient are incubated at 37°C in 0.1 mi ®'Cr (200 uCi,
Amersham Rahn, Zurich, Switzerland). After one hour incubation, the target cells

are washed 3 times and 50ul of radiolabeled cell suspension at 2.10° /ml is
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aliquoted in each well. 100ul of supernatants is removed after 4 hours-incubation
at 37°C and tested for °'Cr release using a gamma counter.

1.3 Analysis of the raw data :

Wells are scored as positive if the °'Cr release is greater than the mean plus
3xSD of the °'Cr release of the autologous control.

The percentage of specific lysis is calculated by the following formula :

% of specific lysis = experimental cpm - spontaneous cpm  x 100
total cpm - spontaneous cpm

The threshold of the autologous control should not exceed 15 % of lysis. If this
happens, the CTLpf assay should be repeated because of non-specific
background interference. The stimulatory capacity of the patient cells is
monitored by the cytotoxic alloreactive response of a third-party. If the
percentage of specific lysis contained in these wells is less than 20-25%, the
response is obviously weak and may be due to decreased patient stimulatory
capacity. If this control is too weak, it may invalidate the whole test. Finally, if all
“positive” wells are < 20% of the positive control, the CTLpf test is repeated as

these data cannot be considered as reliable.

In a positive CTLpf test, the number of positive wells increases from the lower
dilution to the higher one following the kinetics of limiting-dilution. (Figure 3).

In a negative CTLpf test, very low % of lysis are found among each dilution
(Figure 4).

In a border-line CTLpf test, only very few positive wells are found. The
interpretation of such assay remains difficult and the CTLpf test should be
repeated (Figure 5).
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Positive CTLpf assay
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Figure 3. Limiting dilution culture from concentration 0.125x10* to 5x10* of a
positive CTLpf assay. Percentage lysis of each well is plotted against the

responder cell number per well.
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Negative CTLpf assay
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Figure 4. Limiting dilution culture from concentration 0.125x10* to 5x10* of a
negative CTLpf assay. Percentage lysis of each well is plotted against the

responder cell number per well.
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Border-line CTLpf assay
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Figure 5. Limiting dilution culture from concentration 0.125x10* to 5x10* of a
border-line CTLpf assay. Percentage lysis of each well is plotted against the

responder cell number per well.
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9.2 Cytotoxic T lymphocyte cloning

The cloning of cytotoxic T cell lines isolated from positive CTLpf assays has two
important consequences. Firstly, it is in particular at the level of T cell clones that
the histoincompatibilities found in a positive CTLpf assay can be analyzed. Each
clone is directed against an histoincompatibility present in the patient (MHC or
minor antigen mismatches). Therefore, analyzing donor cytotoxic T cell clone
specificity allows the identification of the various histoincompatibilities found
between the patient and his bone marrow donor. Secondly, the positivity of a
CTLpf assay and thereby the relevance of such a cellular assays is confirmed,

once the T cell clone specificity can be assigned.

Cytotoxic T cell cloning is done in Terasaki culture plates (Nunc Microwell,
Roskilde, Denmark). Each plate contains 60 20ul wells. The principle of this

cloning protocol is based on the non-specific stimulation by PHA. Following such
a treatment, each cell, including specific CTL cells as well as non-specific CD4+
and CD8+ T cells will grow. It is therefore necessary to test the specificity of the
isolated T cell clones once enough cells have grown, in order to select the

specific alloreactive T lymphocytes.

Medium :

The complete medium used is the same as the one described in the CTLpf
protocol. However, for T cell cloning and nursing, 100U/ml of IL-2 (Hoffman-La
Roche) is supplemented to that medium. The cloning medium contains complete

medium supplemented by 100U/ml of IL-2, 1 ug/mi of PHA and 0.4x10°%ml of

fresh irradiated PBMC feeder cells (2500 rad). Finally, the restimulation medium
is almost the same medium as the cloning one, the only difference is the

concentration of irradiated feeder cells (1.10 ° /ml).
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T cell line cloning :

Cytotoxic T cell lines (from a positive CTLpf test) are counted and resuspended
in cloning medium at a final concentration of 25 cells/ml (=0.5 cell / well). In such
a dilution (based on Poisson’s equation), monoclonal T cells will be obtained.

However, since only a few wells will grow on each Terasaki plate (about 5-10/60

positive wells), 10 plates for each line have to be used. 20ul of cell suspension is

then aliquoted and the Terasaki plates are incubated at 37°C for about 10 days.
At the same time, patient and donor blasts are restimulated with PHA-
restimulation medium at a concentration of 10° cells/ml in 24 well plates and fed
the following days with complete medium plus IL-2 (100U/ml).

At day 10 of culture, the Terasaki plates are screened under a microscope and
the confluent wells are transferred into 96U bottom well plates.

Cytotoxic T cell assay:

Patient PHA blasts are labeled in *'Cr as already described in the CTLpf test
protocol and are resuspended at a concentration of 5.10* /ml. Half of the T cell
clone quantity contained in each 96 plates is transferred into new 96U bottom

well plates (total volume of 100ul). The spontaneous and the maximum °'Cr
release are prepared as already described. 100yl of °'Cr labeled target cells is

distributed to all wells. After 4 hours of incubation at 37°C, 100pl of supernatants

is harvested and tested for *'Cr release using a gamma counter. The specific
T cell clones are selected from the positive % of specific lysis.

Restimulation and culture of the specific T cell clones :

100ul of restimulation medium is added in each 96 U bottom well containing a
specific cytotoxic T cell clone. During the following days, the growing T cell
clones are duplicated and fed with complete medium+IL-2. After about 10 days,
the T cell clones can be used for further specificity analysis, for FACS analysis or

be frozen.
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10. Analysis of the probabilities disparity in GvH direction
between a patient and his potential HLA-identical bone marrow
donor :

a) found within his family (related donor)

b) from the international registries (unrelated donor).

The following model has been used to study the disparity of minor antigens
among two related and two unrelated individuals. Because most of the minor
antigens identified in mice have only two alleles, this will probably also be the
case for the minors found in human. Therefore, the model used is based on a
biallelic model in which any gene encoding for a minor antigen has two alleles:
alleles “A” and “a” with gene frequencies p and q and Hardy-Weinberg
equilibrium. Since the dangerous situation in bone marrow transplantation is
when one minor antigen allele is present in the patient and absent in the donor,
the following probabilities of minor disparity among two individuals will be given in

the sense of graft-versus-host disparity.

10.1 Probabilities of GvH disparity at a single biallelic locus with two
codominant alleles “A” and “a”.
In this model described by PJ. Martin, both alleles are codominant and will be

processed and presented by the MHC molecules equivalently.

10.1.1 Probabilities of GvH disparity in unrelated transplantation
For any given two loci having codominant alleles “A” and “a” of a frequency p and

q = 1- p, the population genotype frequencies of AA, Aa and aa can be calculated

from the Hardy-Weinberg equilibrium as p?, 2pq and ¢°.
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Table 1: Individual 1(Donor) ----> Individual 2 (Patient)

PATIENT
DONOR AA p? Aa 2pq aa ¢’
AA p? no disparity 2 pq p? o
Aa 2pq no disparity no disparity no disparity
aa q° p? ¢ 2 pq® no disparity

AA, Aa and aa represent the paternal and maternal genotypes.

A relevant disparity only occurs when the patient expresses an antigen which is
not present in the donor. Thereby, GvH disparity occurs when AA individuals
serve as donors for Aa or aa patients or when aa individuals serve as donors for
AA or Aa patients (Table 1). The probability of such disparity between any two
unrelated individuals can be calculated as :

(P®x2pq) + (2p*q°) + (d°x2pq) =2p° q+2p° g° + 2 pd’' =2 pq x (1-pq)

10.1.2 Probabilities of GvH dispatrity in sibling transplantation

To extrapolate the probability of GvH disparity between any two siblings, the
probability of such disparity between the progeny of the same parents has to be
calculated first. There will be no GvH disparity among the progeny AA x AA, AA x
aa, and aa x aa (Table 2).

Table 2: Progeny GvH disparity (Mother x Father)
X MOTHER
FATHER AA p? Aa 2pq aa 9
AA p? no disparity 2pq no disparity
Aa 2pq 2p°q 4p* g’ 2pq’
aa q° no disparity 2pq’ no disparity
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However, if the progeny are AA x Aa, Aa x AA, Aa x Aa, Aa x aa or aa x Aa, GvH
disparity can occur. Then, the respective probability of the parent’s genotype has
to be calculated first.

The probability for example of two parents being AA / Aa mating is 2 p%q . The
different children expected from such mating are AA and Aa. GvH disparity
occurs when AA serve as a donor for Aa recipient and the probability of such
disparity is 0.5 x 0.5 = 0.25. The same probability of disparity can be calculated
from the progeny of aa x Aa. Among the progeny of Aa x Aa, GvH disparity
occurs when AA individuals serve as donors for Aa recipients (probability = 0.25
x 0.5 = 0.125) or for aa recipients (probability = 0.25 x 0.25 = 0.0625), or when aa
individuals serve as donors for Aa recipients (probability = 0.25 x 0.5 = 0.125) or
for AA recipients (probability = 0.25 x 0.25 = 0.0625). This gives the overall
probability of such disparity = 0.375 (2x0.0625 + 2x0.125) (Table 3).

Table 3: Probability of GvH disparity in each combination

PATIENT
DONOR AA Aa aa
AA 0 0.25 0
Aa 0.25 0.375 0.25
aa 0 0.25 0

The probability of GvH disparity between any two related individuals is then
calculated as :

(0.25)x( 2 p°q)x(2) + (0.25)x(2 pa’)x(2) + (0.375)x(4 p°q’) =

p°q + 0.375(4 p°d) + pa’ = pq x (1-0.5pq)

The probability of GvH disparity is less for sibling transplants than for unrelated

transplants, when the two equations are compared and plotted on a graph (see

Introduction Figure 16a).
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However, these probabilities are based on a model which has probably less
significance in reality. Indeed, the two alleles giving rise to the presented
epitopes by the MHC molecules will probably not share the same binding
affinities for these molecules. Therefore, alleles “A” and “a” could not be

codominantly expressed and an adapted model has to be used.

10.2 Probabilities of GvH disparity at a single biallelic locus in which one
allele is always expressed whereas the second one is never expressed:

Such a model represents another extreme situation which is closer to the type of
responses one can find in MHC peptides presentation. In that model, one allele
(either “A” or “a”) is always found processed and presented by the MHC molecule

at the cell surface, whereas the second one will never be expressed.

10.2.1 Probabilities of GvH disparity in unrelated transplantation

Again, the population frequencies of the genotypes AA, Aa and aa were
calculated from the Hardy-Weinberg equilibrium as p? 2pq and g°. Two
situations have to be taken into account here: firstly, when allele “A” is always
expressed and “a” is never expressed (Table 4). Secondly, when allele “A” is

never expressed and allele “a” is always bound to the MHC molecules (Table 5).

Table 4: Donor ---> Patient when allele “A” is always presented
PATIENT
DONOR AA p? A- 2pq -

AA p? no disparity no disparity no disparity
A- 2pq no disparity no disparity no disparity

-- q p? ¢ 2 pq° no disparity

162



Table 5:

The “-” sign represents the respective non-expressed allele.
Thereby, GvH disparity occurs when the expressed allele (“A” or “a” respectively)

is present in the recipient and not in the donor marrow. The probability of such

Donor ---> Patient when allele “a” is always presented

PATIENT
DONOR =&l p? - a2pq aaq’
- p? no disparity 2 p°q p? of
-a 2pq no disparity no disparity no disparity
aa q° no disparity ~ no disparity no disparity

disparity between any two unrelated individuals can be calculated as :

(p? o +2pg’)x 1/2 + (p* g* + 2 p°q) x 1/2 =pq x (1- pq)

10.2.2 Probabilities of GvH disparity in sibling transplantation

The probability of GvH disparity between the progeny of two parents is first
calculated. GvH disparity will occur among the progeny (A- x A-) and (A- x --) if
allele “A” is always expressed, and among the progeny (-a x -a) and (-a x --) if it
is allele “a” that is only present. The respective probabilities of each combination

are shown in Table 6, if allele “A” is the one expressed and in Table 7, if allele “a”

is always present.

Table 6: Probability of GvH disparity in each combination (“A” present )

PATIENT
DONOR AA p? A- 2pq --q°
AA p® no disparity no disparity no disparity
A- 2pq no disparity 0.1875 0.25
- no disparity 0.25 no disparity
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Table 7: Probability of GvH disparity in each combination (“a” present)

PATIENT
DONOR o P -a 2pq aaq’
* B no disparity 0.25 no disparity
-a 2pq 0.25 0.1875 no disparity
aa ¢ no disparity  no disparity no disparity

The progeny of (A- x --) will be (A-) and (--). Therefore, the dangerous situation
here, occurs when the donor has not inherited the minor antigen allele (--)
whereas the patient presents that allele (A-). The probability of such GvH
disparity is 0.5 x 0.5 = 0.25. The same probability of disparity can be calculated
from the progeny of (-a x --).

Among the progeny of (A- x A-) parents, GvH disparity occurs again when the
donor does not possess the minor allele (--) and the patient has either one allele
(A-) or two (AA). The probability of such disparity is 0.25x0.25 + 0.25x0.5 =
0.1875. The same probability is found for the progeny of (-a x -a) matings.

The probability of GvH disparity between any two related individuals is calculated

as .
( (0.1875)x(4p°¢?) + (0.25)x(2pq®)x2) + (0.1875)x(4p’f) + (0.25)x(2p°q)x2))x1/2
= 0.5pq x (p? +1.5pq + ¢f) = 0.5pq (1-05pq)

The two extrapolated equations found here represent when compared to those of
PJ. Martin’s model, the same equations but divided by a factor of two. Thereby,
the same curves can be drawn (see Introduction Figure 16b), but the probability
of GvH disparity will be decreased by half. However, the relative risk for GvH
disparity still remains significantly higher for unrelated combinations than in

related individuals.
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